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Abstract
Glyphosate is a popular, easily accessible and cheap herbicide that is widely used and in agricultural and
urban applications. Once applied, glyphosate has strong persistence and adsorption characteristics with
limited mobility, degrading to AMPA. Private use and commercial use in urban areas are increasing
rapidly yet there is no information available about its occurrence and fate in urban environments. This
thesis aims to quantify glyphosate and AMPA in urban soils, stormwater sediment and estuarine sediment
and their biodegradation (soil and estuarine sediment) and sorption (soil) characteristics in Auckland,
New Zealand. Soil and stormwater sediment samples were taken over a six week period following a
routine glyphosate spray on road berms. Marine samples were taken at one point at time. Glyphosate
biodegradation experiments were run over a 3 week period and total organic carbon was measured each
week as a proxy for glyphosate use by microbes. In sorption experiments, soil was spiked with a range
of pH adjusted glyphosate concentrations in NaCl. Rapid degradation was observed in soil samples as
glyphosate increased rapidly then decreased over time while AMPA increased over time and was present
in control samples, suggesting that spray drift and over spraying is occurring. Biodegradation results also
support good degradation in soils. Sorption data was evaluated in linear regression, Freundlich and
Langmuir models with linear regression and Freundlich models providing the best fit and showing that
most sorption occurs in subsoil which correlates with a low soil pH. Biodegradation was poor in
stormwater sediment, with only slight changes in glyphosate and AMPA concentrations over time and
was likely affected by spray drift and over spraying in gutters. Concentrations in marine sediment were
much lower than that found terrestrially and were comparable to previously published data with slow
biodegradation. However it is expected that the estuary can adapt to glyphosate loads. All aims were
achieved in this study with a full pathway of glyphosate application to its final sink being described.
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CHAPTER 1: Background information
1.1 Emerging contaminants
1.1.1 Definition and environmental concern
Emerging contaminants (abbreviated to ECs) are different from more commonly known contaminants
such as heavy metals and some organic chemicals, and can be described using the following definition
from the United States Geological Survey:
“Emerging contaminants can be broadly defined as any synthetic or naturally occurring chemical or any
microorganism that is not commonly monitored in the environment but has the potential to enter the
environment and cause known or suspected adverse ecological and (or) human health effects. In some
cases, release of emerging chemical or microbial contaminants to the environment has likely occurred
for a long time, but may not have been recognised until new detection methods were developed. In other
cases, synthesis of new chemicals or changes in use and disposal of existing chemicals can create new
sources of emerging contaminants” (1)
The key words in the above definition are ‘broadly defined’ – thus when deciding whether a contaminant
is emerging depends on conditions such as locality, past presence, commercial or private use, and
monitoring or research efforts. If a contaminant is considered as not emerging at an international location,
it should not necessarily be discounted as non-emerging in the immediate area of interest or vice versa.
This is particularly true for a country like New Zealand, where infrastructure and urban areas have existed
for a short period of time relative to older countries, so are likely to have less exposure to contaminants.
However, many urban centres are in close proximity to the coast, meaning that potential contaminant
pathways are generally short, with little in the way of filtering systems except for those required in
stormwater/waste water systems.
Contaminants that are not commonly monitored by government agencies are, by the given definition,
emergent due to the gradual development of collection and analytical methods. This should be not be the
only consideration; the chemical characteristics of some contaminants (e.g. polarity, volatility) make
them difficult to analyse – which is cost and effort intensive (2). Monitoring programmes are often limited
by budget, so external research can help kick start monitoring or contribute useful information to increase
understanding of contaminant presence. Thus, contaminants that cannot be monitored because of analysis
and resource limitations could still be considered emerging.
But what does the presence of these contaminants mean, and are they of environmental concern? ECs
present possible risk to both human health and natural ecosystems in two main ways; through the inability
of most waste and stormwater treatment systems to remove contaminants, and the differing behaviours
of contaminants in environmental systems (3,4). Conventional activated sludge treatment systems are
1

designed to deal with solids, nutrients and pathogens; advanced oxidative processes are generally
required to remove ECs (5). As many contaminants have only recently been detected in municipal
systems and their discharge environments it can be difficult for regulatory bodies to develop threshold
concentrations (4). This is significant as this threshold limit of contaminant concentration can help to
decide whether a chemical will have any effect on an organism, whether human or otherwise (4). Further,
quick and cheap testing is generally not possible for many contaminants, although screening and risk
assessment methods are improving (6). Municipal systems fall short of efficient EC removal, resulting
in their discharge to the environment where the behaviour and effects are not all a case of ‘one size fits
all’. There are generally three points that need to be considered when discussing ECs in the environment:


Behaviour and bioavailability in different mediums e.g. soil, water and sediment.



Interactions with other chemicals: a ‘cocktail’ effect.



Transformation products, metabolites and effects they may have.

Polarity, vapour pressure and water solubility are three main determinants of behaviour and
bioavailability (3). Local conditions can also affect this, such as pH, organic matter, microorganisms,
and the presence of oxygen (3). If the characteristics of the chemical and the local environment are
suitable, the EC remains active and bioavailable – this is especially concerning when the mechanism of
the chemical is biological in nature (7). Estrogenic compounds are a good example of this, as their action
is hormonal in humans. Upon excretion, they are often unsuccessfully removed from waste water, and as
a result can change gender structure in hermaphrodite animals – so are known as endocrine disrupters
as shown in Table 1 (8).
Interactions between ECs are likely because ECs aren’t typically removed in standard treatment systems.
This depends on whether the chemicals are reactive outside of their intended effects, which can be
predicted through theoretical chemistry. Interactive effects are important where it influences toxicity:
one chemical may have a low risk of toxicity on its own, but in combination with others this risk can
increase (9,10). This can be further complicated by the presence of transformation products/metabolites,
whose effects are even less well understood than those of their parent chemicals (9). Experimental
variables and chemistry can cause major changes in observed results; it is this complexity that makes
environmental modelling suitable, where variables can be easily manipulated (10). Modelling may indeed
be the way forward in understand synergistic effects of ECs, in combination with simple toxicity
bioassays.
Transformation products and metabolites need to receive as much consideration as their parent chemicals.
Whether they are present or not depends on local conditions, this includes abiotic variables such as
oxygen content, pH, the existence of natural chemicals, and UV irradiation (3). Biotic communities can
often assist in degradation, especially if an EC resembles a nutrient that may be limiting in the system,
2

such as organophosphates. The half-life of the parent chemical is also relevant here – a short half-life
may cause degradation products to be present in greater quantities than the parent chemical and vice
versa for a long half-life. As such, the presence of a transformation product or metabolite can give
information about the persistence of the chemical in question. However, in some cases they are not unique
to the target chemical.
Even though ECs are less common than those that are monitored regularly, many fall into a well-known
class of chemicals in EC literature (Table 1).
Table 1: Emerging contaminant classes and commonly detected ECs.

Class

Example

Citation

Pesticides

Glyphosate, atrazine

(11)

Cosmetics

Galaxolide

(12)

Pharmaceuticals

Ibuprofen

(12)

Illicit drugs, stimulants

Amphetamines, caffeine

(8,12)

Flame retardants

Polybrominated diphenyl esters (11)

Surfactants, disinfectants

Nonylphenols, triclosan

(11,13)

Plasticisers

DEHP, bisphenol A

(11,12)

Endocrine disrupters

Estradiol

(8)

Table 1 serves to illustrate the wide range of chemicals that can now be detected in different
environments. Some of them are surprising and concerning, such as illicit drugs, cosmetics and endocrine
disrupters. Furthermore, these kinds of contaminants that can only be associated with urban areas; some
are even suitable as biomarkers which assist in monitoring the state of an environment (14). Thus, it is
reasonable to expect that as urbanisation grows at a rapid pace we can expect to detect higher quantities
and a wider range of contaminants. This is of particular importance to the Auckland region (Figure 1).
The urban growth illustrated in Figure 1 is unlikely to be uniform and could be subject to variation, thus
making it difficult for national and local government to plan for and accommodate said variation.
Inevitably this could reflect badly upon the environment, such as not factoring in the need for green
spaces, or considering the long term effects of soil disturbance or building wastes/runoff into a receiving
environment.
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Figure 1: Population projections for years 2018 and 2023; 2013 data is from the last Census. Data is a subset of male and
female of working age (15-64). This graph is based on/includes Stats NZ’s data which are licensed by Stats NZ for re-use
under the Creative Commons Attribution 4.0 International licence.

1.2 Contaminant pathways
Any contaminant forms a pathway from source to sink, that can be identified with enough investigation.
It is not often that studies attempt to identify an entire pathway, most likely because only one part of that
pathway is of immediate interest. Tracing a contaminant in an urban area can be difficult given the
multiple types of land use, possible sources, and extensive stormwater and wastewater networks which
can intersect. The intricacies of this are discussed below.
1.2.1 Municipal waterways
It has already been evaluated in both this thesis and peer reviewed publications that most ECs are
inherently connected to urbanisation. (12). Urbanisation is not just an increase in housing; it involves the
development of amenities that are needed to support population increase. Green spaces, houses,
industries, schools, food establishments and so forth all contribute to waterway loads, so without complex
hydrological modelling and long term experiments it is difficult to know with any certainty where an
environmentally detected contaminant is sourced from. Source detection is further complicated by the
presence of degradation products.
Sources of contaminants in wastewater can be easier to identify than in stormwater because they are
always linked directly to human occupancy i.e. shower, toilet and tap use in residential and commercial
areas. Presence of certain contaminants in wastewater can be indicative of other contaminants present.
For example, fluorescent laundry whiteners in wastewater are useful markers as their characteristics
allows them to be easily detected by UV fluorescence, in conjunction with common analytical practices
4

(15,16). In contrast to this, stormwater systems generally service many different land use areas, so water
at an outfall combines runoff from these different land use areas. Presence of a contaminant may be
derived from any possible location that the stormwater system services which may be across a few
suburbs or a city.
Stormwater is rarely filtered to the extent of wastewater and therefore it is expected to contain fewer
contaminants that can present a risk to human health (e.g. pharmaceuticals, estrogens) (17). As discussed
earlier, those kinds of contaminants are characteristic of wastewater which undergoes treatment for reuse
so do not typically enter the environment. However, in both Australia and New Zealand, sewage can
occasionally be expected to enter stormwater systems whether by sewer overflow, illegal or incorrect
connections, structural failure of systems or other reasons (11,17). As such, contaminants characteristic
of waste water can be found in the receiving environment from the stormwater outfall, and that receiving
environment (typically estuarine sediments) can be expected to contain suites of contaminants across
different classes, including other common contaminants such as heavy metals or hydrocarbons. With
regards to this, stormwater rather than wastewater can provide detailed information on the extent of
contamination within whole suburbs. As such it is this source that should receive most priority when
investigating correlation between urbanisation and contamination.
The extent of stormwater connections throughout the Auckland suburb New Lynn is shown below. In
Figure 2, the amount of land that the network services is extensive and Figure 3 shows the stormwater
catchments servicing both what is clearly industrial and residential areas – isolated catchments that
service only small areas of land use type are uncommon.

Figure 2: Extent of stormwater network (green lines) through the New Lynn and Grey Lynn regions.
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Figure 3: Stormwater connections (green lines) through commercial, residential and green space areas (New Lynn).

Stormwater systems typically drain into the natural environment, and in times of high rain fall the volume
of water draining can be significant. With the addition of wastewater contaminants, stormwater discharge
becomes one of the biggest contributors to environmental contamination, an area of research that is
generally difficult to study.
1.2.2 Management of emerging contaminants
Contaminant management strategies generally revolve around quantifying a contaminants’ presence and
performing toxicity tests with invertebrates and vertebrates to elicit a biological response, thus
determining toxic thresholds (18). While this has worked well for contaminants that have been
historically present such as heavy metals and hydrocarbons, it is not a logical approach for emerging
contaminants. Reasons for this include:


The sheer number of emerging contaminants that have been detected, and others that will be
detected in the future (18).



The multitude of interactions between contaminants that are unknown which could cause
problems in analysis (19).



The transformation of parent compounds into their metabolites which presents further unknowns
(2).

Detecting, analysing and developing protocol for each individual EC would require a large amount of
time and resources, with new contaminants being detected within that time. Given this conundrum,
research has rapidly developed to identify other approaches that are more suited. The general consensus
is that managing emerging contaminants requires a well-rounded, integrated approach which considers
many aspects of chemical and biological effects of a contaminant (6,18). These should not be the only
6

considerations; key stakeholder involvement and human interaction (such as public information sessions)
contribute to the idea of an integrated approach, allowing it to become holistic in nature by stepping back
to view the ‘big picture’ (19,20).
Screening methods are useful in EC management; while it may be difficult to achieve in chemical
analysis, they are applicable in evaluating biological effects of a contaminant (6). Identifying
environments and/or cohorts in an ecosystem that are at risk from contamination and taking steps to
mitigate or minimise that risk is one example of a screening approach. Instead of considering a single
contaminant, the focus is on where and how an environment will be affected from a potential contaminant
source (6). This careful conceptual modelling is at the centre of emerging contaminant management;
attempts at implementing those strategies are somewhat scanty apart from in wastewater treatment. The
Baltic Sea Action plan is an example of mostly successful contamination management. Under a strict
framework, with cooperation of stakeholders, the detection incidence of organic pollutants (e.g.
polychlorinated biphenyls) decreased significantly, which allowed the recovery of marine bird and
mammal species which had been on the brink of extinction (21). However, the quantity of other
contaminants such as dioxins did not decrease. A short term solution for this was to restrict dietary intake
of fish species that contained dioxins in its flesh. The implications of this are far reaching; the Baltic Sea
is of huge economic importance for the region, thus a decrease in fishery activity may have result in
economic downturn. Social impact would have been likely too; dietary restrictions could have resulted
in the ‘why’ question, resulting in change of opinion towards those leading the Baltic Sea Action plan
(20). This highlights the importance of taking action ‘before it’s too late’ and giving careful consideration
to the potential consequences of taking management actions.
There are limited ways in which emerging contaminants can be removed from the environment especially
where the treatment needs to be non-selective. Constructed wetlands are of current interest for wastewater
treatment and also for landfill leachate (22). Wetlands may contain different levels of treatment, such as
equalisation tanks, aerobic lagoons and polishing ponds (22). Their function is to remove and degrade
contaminants to an environmentally benign form which allows the final product to be safely discharged.
Success depends on various factors such as climate, configuration and operating conditions of the
wetland as well as chemical characteristics of known contaminants. (22,23). The nature of constructed
wetlands somewhat follow an integrated approach due to all the variables that need to be taken into
account to ensure effective treatment (23). Methods for treating contamination sinks are yet to be
developed as their diffuse nature (e.g. homogenous estuary) makes them difficult to treat.
Below is an example of how an emerging contaminant management plan may be designed by interpreting
information given in published contaminant management studies (Figure 4). Visual representation
confirms current literature; management of emerging contaminants is not simple and requires careful
7

evaluation. Figure 4 is only a very simple example, much more detail would be needed in risk assessment
and developing a management plan.

Figure 4: Schematic of how emerging contaminants can be approached. Single small arrows (→) represent possible examples
or further pathways.

1.3 Emerging contaminants in New Zealand
1.3.1 Relevance
Research into ECs in New Zealand is in its infancy; only one peer reviewed paper is published, with
other research published in the form of technical or informative reports by crown research institutes or
for regional councils - primarily in Auckland and the Hawke’s Bay (24–28). An examination of these
publications presents a daunting and exhaustive list of contaminants that are/may be present and the
effects they may have on the environment. As important as it is to trace and monitor all ECs that pose a
threat to the environment, it is unrealistic due to the amount of effort and funding it would require. Thus
it is essential to allocate research effort to those contaminants that are known to be present in concerning
quantities (compared to international levels in similar environments), learn more about their persistence,
degradation pathways and potential environmental toxicity. This information translates into crucial data
for local government contaminant load management, national regulation, municipal waterway
management and could even be factored into urban planning (29).
Determining which contaminants should have research priority in New Zealand should factor in the
results of the peer reviewed paper of Stewart, et al., (2014). As a brief background, Stewart and his coauthors conducted a survey of EC presence in estuarine sediment in the Auckland Region (Table 2).
Marine sediment is an incredibly important sink of contaminants, as it margins many urban and city
centre areas, freshwater sources and rural areas further out in the region.
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Table 2: Contaminants detected in marine sediments above LOQ (100µg/kg), and at high concentrations compared to other
chemicals detected. Summarised data from Stewart, et al., (2014) (11).

Contaminant detected

Use

4-nonylphenol branched chain isomers

Biotransformation product of non-ionic surfactants

PBDE

Flame retardant

DEHP

Plasticiser

Glyphosate

Broad spectrum herbicide

AMPA

Primary metabolite of glyphosate

Acetaminophen

Commonly known as paracetamol, an analgesic

Naproxen

Anti-inflammatory drug

Interestingly enough, some contaminants which may not have been thought of relevant in New Zealand
due to small urban areas compared to our international counterparts have been quantified in sediment.
Acetaminophen and naproxen are examples of this, which were detected at concentrations much larger
than other chemicals measured (Table 2). Table 2 also shows some contaminants that may not need to be
of immediate concern, such as common estrogens which were all below their limit of quantitation (LOQ:
0.58-1.8µg/kg) – however this does not necessarily mean that they will not have an effect in the
environment. Given the data presented in Table 2 were obtained in 2014, it is likely that environmental
concentrations would have changed and that contaminants that were previously not at discernible
concentrations could be now, or vice versa – hence the need for research is urgent, especially with rapid
urbanisation.
With the above information, we can deduce that research effort should be directed towards contaminants
whose presence is likely to be associated with urbanisation, and whose concentrations could be expected
to increase as urbanisation increases. From Table 2, this is likely to be glyphosate, AMPA,
acetaminophen and naproxen. All of these chemicals are directly related to human use – others in the
Table 1 are by-products or from an industrial source.
1.3.2 A herbicide with a household name
On the international platform, there is no clear consensus on which ECs should prioritised; while the
research on ECs certainly exists, it is specific to country or region, such as the European Union or across
North America. Production and use of chemicals that are detected as or result in emerging contaminants
are likely to be different between research locations; it is also important to take into account regulations
or restrictions that are placed on chemical use or import. What is banned or restricted in use in one country
may be freely available and cheap in another, therefore the loads on the receiving environment are
9

unlikely to be similar (30). In a comparable way, the persistence and degradation characteristics a
contaminant has may differ between environments due to physical and chemical profiles of the matrix
(e.g. soil, sediment, water).
In the European Union, current contaminants of concern are pharmaceuticals, in particular diclofenac
(anti-inflammatory) and 17-alpha-ethynyletsradiol (synthetic estrogenic hormone) which can be detected
in surface waters across all 28 European Union countries including Switzerland, Norway and Turkey
(30). In Australia, perfluorinated chemicals, methyl tertiary butyl ether, benzo[a]pyrene, weathered
hydrocarbons and polybrominated diphenyl ethers are prioritised for setting screening levels in
groundwater and areas of ecological significance (31). Tied into this are rates of urbanisation and how it
is managed. This could range from sprawling to carefully planned construction, how the land might be
manipulated to suit construction, construction material use and factoring in risk management strategies
for potential contamination (32) .
Glyphosate (N-(phosphonomethyl) glycine, C3H8NO5P) is a broad spectrum herbicide used for the
control of weeds across a wide range of practices that are rural, urban and costal based (Figure 5). It is
cheap, very readily available and has an excellent track record for effectiveness. Glyphosate has a
household name of Roundup© with the discovery of its herbicidal potential credited to Monsanto
Company in the early 1970s (33). Its mode of action is inhibition of 5-enolpyruvyl-shikimate-3phosphate, an enzyme in the shikimate pathway. This inhibition restricts the synthesis of aromatic amino
acids (34).

Figure 5: Molecular structure of glyphosate.

Glyphosate is polar, persistent and typically immobile. Microbial degradation can occur via the
disruption of the C-P bond forming sarcosine and inorganic phosphate (Pi), and cleavage of the C-N bond
forming glyxolate and aminomethyl phosphonic acid (AMPA, CH6NO3P) (Figure 6). AMPA is the most
readily detected metabolite of glyphosate, and is often detected in both short and long periods of time
following glyphosate application. The persistence and possible toxicity of AMPA is a new global
concern; as such glyphosate detection in the environment can present issues more complex than
anticipated.
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Figure 6: Molecular structure of AMPA.

Glyphosate and AMPA can be considered to be emerging contaminants because they are being
increasingly detected in urban environments, yet the scale of urban glyphosate use is unaccounted for
and unrestricted, and there is very little knowledge of glyphosate fate and its effects from source to sink.
Furthermore, glyphosate and AMPA have recently been centre of controversy and debate due to their
toxicity and endocrine disrupting potential. In the past, glyphosate is marketed as being safe for humans
to use and animals in the environment with no toxic effects as well as being environmentally benign. In
the scientific community this status is under threat with extensive research emerging about its
carcinogenic potential and whether it really is a ‘spray and forget’ herbicide. Indeed, there is no one
cohesive opinion and examination of current literature surrounding the topic emits a strong feeling of
conflict. The public form their own opinions based on information and research that may not be true,
correct or rigorous in its research methods. Judgement of public opinion is only based on media avenues;
there is no scientific measure of opinion currently available. As proved in the previous section; public
opinion and education is hugely important when considering regulations and the management of
emerging contaminants, glyphosate included.
These aspects are true of many first world countries including New Zealand where glyphosate use is high
but monitoring and knowledge is limited. In terms of safety and regulation, New Zealand government
makes its decisions based on international reviews and research. While this certainly provides a good
foundation, there is opportunity for local research to develop beyond small scale monitoring and become
cohesive. This would allow regulation and knowledge banks to be more suited to our own situation which
in turn improves public opinion and trust. Not only is the fate and persistence of glyphosate and AMPA
in urban areas scientifically unexplored, it comes with a whole host of multi-level complexities in how
we perceive new and old knowledge and what we do with this knowledge. Both aspects are important to
understand, and while this thesis deals chiefly with the scientific intricacies, it will also serve to present
them in a way that can be used in management practices.
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CHAPTER 2: Literature Review
2.1 A ‘spray and forget’ herbicide
The main difference between the detection of glyphosate on land versus under an aquatic environment is
that glyphosate is directly applied. In this way, glyphosate is a very different emerging contaminant to
most others because it is intentionally used. Furthermore, the application of glyphosate to agricultural
land depends on the appearance of weeds and so is much more random, while in urban Auckland
glyphosate is applied regularly. The contrast between the two types of use is the focus of the discussion
below.
2.1.1 Agricultural soil
The biggest users of glyphosate is the horticultural and agricultural sectors. Because of its efficacy and
low costs, glyphosate has been used with a heavy hand to maintain valuable crops (e.g. maize, potatoes)
and to ‘reset’ pasture land for re seeding. Thus wide spread application of glyphosate (over hectares of
land) is what has pushed the research of glyphosate behaviour in agricultural soils. Furthermore, many
weed species have become tolerant to glyphosate which has further expanded the glyphosate research
that is undertaken in an agricultural context.
It has been well established that glyphosate has a high affinity for aluminium and ferric irons, and peaks
in concentration within the first few days of application then degrades quickly through biodegradation
(35). The persistence of AMPA is greater than that of glyphosate; however research effort into AMPA is
much less compared to glyphosate (36). These general observations are well known and appear in
introductory statements of many peer reviewed articles and reviews (37–39). It is also well known that
soil is a complex matrix and as such degradation, persistence and mobility differ greatly between soil
types and properties (40). Current research investigates glyphosate behaviour between different soil
types, depths and also which measured variables are best predictors of behaviour. Mobility and leaching
of glyphosate is also a significant research area due to the increasing interest in groundwater and stream
contamination (38,41). Once thought to be immobile, there is now evidence for glyphosate’s downward
movement (42,43).
Both laboratory and field experiments are vital in this field of research. In the laboratory, soils can be
designed and variables carefully manipulated, while in field research soils are subject to environmental
conditions thus provide accurate observations, but may also be limited in sampling and experimental
design. As such, this section of the literature review covers laboratory/field comparisons and differing
measured variables.
It has been observed that 70% glyphosate degradation occurs in 24 hours, with a slight decrease in
degradation rate when experiments were subjected to anaerobic or dark conditions (44). While dark and
12

light conditions can have an effect on organic chemical degradation, the observed effect is most likely
negligible for natural, environmental conditions which are most relevant for this discussion (45,46).
Anaerobic conditions show a slight decrease in glyphosate degradation; while the significance of this
was not statistically tested, it seems plausible in terms of microbial degradation. Most microbes will
require oxygen to survive and undergo their functions (discussed in detail further on) (46). This is true
of both experiments using controlled and natural soils. (43,47). Presence of oxygen can also be important
for reaction rates and electron transfer, as demonstrated in earlier studies (Li, et al., 2016; Barrett and
McBride 2005), where it was shown that glyphosate degraded in the presence of manganese oxide.
However, these were purely experimental conditions (no soil) and both studies reported that chemical
degradation would be unlikely to occur in field conditions because manganese is typically only present
in soil as trace amounts (44,48). In a separate study, Barrett and McBride (2006) conducted their
experiments at 50°C to prevent glyphosate degradation via microbial pathways. While this is certainly
important for the elimination of confounding factors and ‘proof of concept’, it also suggests that
microbial degradation pathways would take precedence in natural conditions at ambient temperatures
where chemical reaction rates are slowed.
AMPA is generally more persistent than glyphosate. For example in field studies, Aparicio et al., (2013)
found that AMPA concentrations in agricultural soils ranged between 299-2256 µg kg-1 in comparison to
35-1502 µg kg-1 for glyphosate on 16 farms through Argentina (49). This supports the observation that
AMPA degrades slower than glyphosate as the variation in AMPA concentration is smaller than that of
glyphosate, and it also suggests that AMPA may be more strongly adsorbed – however, like glyphosate
adsorption this is dependent on soil characteristics such as pH and organic matter, which in turn are
related to the availability of aluminium or iron surface sites (36). Multiple non-linear regression
modelling techniques are useful in explaining variation where many variables have been measured
(36,41). This is particularly true for controlled soils where explanatory variables may help in
understanding the processes occurring in natural soils. For example, Sidoli, et al., (2016) investigated
four experimental variables - pH(CaCl₂) , available phosphate, amorphous iron and aluminium content for
soils with less than 16% clay content. The authors reported that these variables are rarely measured in
unison, with their findings suggested that pH(CaCl₂) was the best variable to explain AMPA adsorption.
They also suggested that AMPA is more persistent than glyphosate because it has a lower molecular
weight (111 g/mol; glyphosate 169 g/mol) thus is more easily adsorbed (36,50,51).
In a field study conducted by Okada, et al., (2016) the authors found that pH had a significant (p < 0.05)
negative correlation in soils with a clay content range of 16% - 37% (52). This was explained by ferrous
oxides becoming more protonated with a decrease in pH, thus adsorption of negatively charged
glyphosate increases (52). However, the authors found that adsorption coefficients were unrelated to the
presence of ferrous and aluminium oxides (52). In a study by Gimsing et al., (2004) the authors also
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reported similar results where pH(CaCl₂) was the most important factor in determining glyphosate and
phosphate adsorption (40). Gimsing and Borggaard, (2002) investigated the adsorption of glyphosate to
clays and natural Fe/Al oxides (goethite and gibbsite, respectively), and concluded that they have much
more adsorption capacity than clays excluding pH as a variable (35). From the studies discussed, it is
clear that there is a sort of ‘hierarchy’ in terms of the factors that control glyphosate and AMPA
adsorption – pH, then availability of Fe/Al oxides, then clay content.
Adsorption of glyphosate is commonly modelled using linear and non-linear Freundlich and Langmuir
models; the Freundlich model being the more common and typically a better fitting model (36,52).
Freundlich assumes that sorption sites are unlimited, thus the relationship between glyphosate sorbed and
not sorbed is linear in relation to an increase in glyphosate concentration. In a Langmuir model, it is
assumed that there limited number of sites available for the molecule to be adsorbed, thus a plateau is
reached where sorption ceases and becomes constant. Langmuir models appear to be more common in
research of glyphosate sorption in relation to contaminant removal methods in wastewater (53).
The Freundlich exponent n and Langmuir Qm describes the suitability of the fit to the model; the closer
to 1, the more linear the fit. The constants of both models, K F and KL, along with the linear regression
dissociation constant Kd describe the extent of sorption; i.e. the greater the value of the constant, the
stronger the sorption. KF values range between 0.1 and 1000; with a usual n value of 0.8 to 1 (36,52,53).
Where Langmuir modelling has proved to be suitable to describe the isotherms, a KL value of 6.776 x 102

and a Qm value of 161.29 was found (53). Although these constants and exponents generally allow

good comparison between models and different research ventures, experimental factors such as type of
electrolyte used, experimental pH, soil types, soil to electrolyte ratios and reaction time can all have an
impact on the adsorption of glyphosates onto soils and isotherm modelling. Nevertheless, they play an
important part in management of contaminants and can form the basis of contaminant prioritisation. This
can be especially important in the field of emerging contaminants, where the number of contaminants
present can be overwhelming (11,13). Sorption experiments are often performed using spiked solutions
that are quite high in concentration of glyphosate and thus are usually irrelevant to actual environmental
levels. Therefore, it can be useful to calculate another constant, Kdeff (µg/g) which describes the
concentration dependent effective distribution coefficient.
This coefficient (Kdeff) is calculated based on the lowest concentration found for a sorption experiment
which is likely to be environmentally relevant. There appears to be little, if any literature available
regarding the Kdeff of glyphosate; because glyphosate is typically only a concern in agricultural soils
where regulation and management of soil contamination is not yet an issue. However, it is likely
extremely relevant in urban areas where contamination management is paramount.
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2.1.2 Urban soil
Urban soils are defined according to Craul, (1992).
“A soil material having a non-agricultural, manmade surface layer more than 50cm thick, that has been
produced by mixing, filling, or by contamination of land surfaces in urban and suburban areas” (54).
Glyphosate research in urban areas is currently limited, and in urban soils, its fate and behaviour is nonexistent, and therefore an attempt is being made in this thesis to provide the baseline information on this
topic. As already discussed in the previous section (2.1.1) soils are complex and glyphosate and AMPA
persistence and degradation depend greatly on soil chemical (pH, ferrous and aluminium oxides) and
physical (clay content) characteristics. Because urban soils are heavily manipulated through compaction
and relocation they can often be far removed from their parent material as such they may not behave in
the same way as agricultural soil, so it is inappropriate to extrapolate findings on glyphosate’s fate
obtained in agricultural soils in an attempt to understand and manage urban soils (55). Research into
urban soil contamination focusses on organochlorine pesticides (e.g. DDT, HCB, endosulfan) and air –
soil exchange of such chemicals (56,57). Limited studies have been done on heavy metals which tend to
receive more attention than organic chemicals in monitoring programmes, and have well developed
trigger and ceiling levels for toxic amounts. This indicates that urban soil research is moving away from
well-known contaminants and into the space of emerging contaminants, or persistent organic pollutants
(POPs).
One relevant study which should help draw conclusions on glyphosate in urban soil is by Tang, et al.,
(2015) where residents were given glyphosate and asked to record the aspects of their use of the chemical
(58). Quantifying residential use would be inherently tricky, due to the political views and
misinformation that generally surround a media exposed and popular pesticide. In the study investigating
private use, most participants in the survey applied glyphosate to impervious surfaces which would
suggest high contributions to surface runoff; however, the authors concluded that this runoff did not
sufficiently explain surface water concentrations of glyphosate which were lower than expected (58). In
further research they suggested using spatially distributed hydrological models which echoes earlier
discussion about how modelling is needed to adequately map contamination pathways in municipal
waterways (58).
Organochloride pesticides are a subject of interest as they bioaccumulate and are persistent (57). Of most
concern is the ability of soil to act as a pollutant sink and a source of atmospheric contamination.
Availability of pollutants as particulate matter is of most concern, especially in highly polluted cities with
large populations (59). Thus urban soil sampling quantifies contaminants and evaluates their potential to
cause significant atmospheric pollution. Urban soil sampling in public areas, such as parks and reserves
also helps to evaluate the state of environmental degradation, and the risks they may present to the users
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of such areas (60,61). General findings across Eastern countries (India, China) report urban pesticide
levels of significant concern, and highlight the need for long term monitoring (57,59–61). Volatilisation
and soil-air equilibrium studies indicate that even at low concentrations, contaminants in soils can act as
atmospheric pollution sources, though for organochloride pesticides this can be dependent on daily or
seasonal temperature changes (56,62).
Even though the examples discussed are unlikely to directly support the results of this research,
identifying how other kinds of contamination in urban soil will help support the need for glyphosate
research. EC and POP chemicals typically share similar chemical characteristics such as environmental
persistence, degradation products that may also be of environmental concern, likely bioavailability and
have varying degrees of mobility (63). Available information on ECs and POPs in urban soils concludes
that monitoring is desperately needed even when contaminant levels are under national pollution
guidelines (61). This forms a striking contrast – why is there so much research effort and concern being
put into certain chemicals, while ECs and POPs form an entire spectrum? Glyphosate is clearly
overlooked; something that should be concerning given its scale of use in urban areas. It is impossible to
be sure about the state of urban environments where the majority of the world’s population lives and will
continue to live until all of our chemical use and its fate is accounted for.
2.2 Sediment storage
During times of high rainfall, glyphosate and AMPA can leach out of soil and enter aquatic environments.
Glyphosate is highly soluble in water (10.5g/L, pH 1.9, 20°C) and AMPA can be considered as
moderately soluble (5.80g/L) with a reported aquatic half-life value of 47 days for glyphosate (25°C
natural sea water), however, no information is available for AMPA half-life in water (50,64,65).
Agricultural use of glyphosate is regarded as one of the biggest contributors to glyphosate and AMPA
presence in freshwater tributaries, groundwater and surface water which are often studied in tandem with
soil characterisation (39,65). In urban areas, private and commercial use of glyphosate can cause runoff
to stormwater and wastewater networks (66,67). While wastewater networks are generally closed systems
with treatment plants, stormwater networks typically drain into either designed systems (e.g. ponds,
wetlands, swales) or the natural environment (e.g. rivers, estuaries, marinas). Natural aquatic
environments can receive high volumes of stormwater especially in times of heavy rainfall, along with
any contaminants contained within those volumes. This contaminant discharge becomes concerning
where there is accumulation; and the environment in question becomes a source, rather than a sink, of
pollutants. Water is an environmental media has been the main focus for glyphosate and AMPA related
studies over the years especially where these compounds may find their ways into drinking water supply.
However, the sediments settling in municipal waterways have received no attention in terms of the
contaminants they may contain, where they could act as a source when water flow increases.
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2.2.1 Municipal waterways
Glyphosate and AMPA have been detected in municipal waterways worldwide; the boom in urban use
of the pesticide has made this inevitable (68). For example, in the United States, glyphosate and AMPA
were detected in 67.8% of 40 samples from waste water treatment plants, with frequency of detection
increasing approximately twofold downstream of the plant which shows a direct contribution of urban
use of glyphosate to freshwater tributaries (66). European studies also reported similar findings. For
example, Botta, et al., (2009) and Grunewald, et al., (2001) observed that non-agricultural sources were
directly contributing to glyphosate concentrations in local reservoirs and urban watersheds (65,67).
Detection of AMPA in wastewater systems is not a solid proxy for past or present glyphosate presence.
For instance, Botta et al.,(2009) found that its concentration increased in wastewater during morning and
evening times which may correlate with the use of phosphonate detergents (67). However, stormwater
systems are separated from wastewater except in cases of high rainfall and overflow, thus glyphosate and
AMPA detection is likely to be attributed to urban use, particularly impermeable surface runoff (69).
Another important observation is the glyphosate and AMPA detection in stormwater according to a
rainfall event; concentration increased notably in times of rainfall compared to dry periods (Nantes,
France) which would be the general expectation (69). As such, when investigating glyphosate and AMPA
presence/transport through stormwater systems rainfall is an important factor to consider (70).
New Zealand research in stormwater contaminants does exist, but not for ECs. In 2006 Bogle et al.,
(2006) developed a stormwater runoff model to predict pollutant loads (zinc, Entercocci and suspended
sediments) into Auckland receiving environments (71). Having this model already established for
contaminants means it could be possible to model ECs as pollutants in stormwater runoff loading.
Glyphosate and AMPA would be excellent candidates for this given the increasing use in urban
environments, and the high likelihood of being detected in stormwater. However, this would require
monitoring of its concentrations over a long temporal scale. International models do exist for some ECs
(e.g. pyrethroids. nonylphenol, DEHP) although they are limited and most conclude that there are
limitations and further research is needed in the area (72–74). Glyphosate and AMPA studies in
stormwater are limited, and only consider water, not sediments that settle out of the flow during periods
of low rainfall. These sediments are equally as important as the water component as they are continuously
present regardless of rainfall, thus likely represent long term changes in stormwater contaminant levels.
Consideration of glyphosate concentration in water depends on the flow rate of water which can change
rapidly over a short temporal scale. Measuring glyphosate and AMPA concentrations in stormwater
sediments and water would perhaps show links between different temporal scales; however, this is not
the current focus of the literature.
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Research into glyphosate in stormwater does not have any obvious direction. It is well established that
urban centres do contribute significantly to glyphosate and AMPA concentrations in wastewater,
stormwater and freshwater systems. However, in recent times, research has moved strongly towards
removing or decreasing the amount of glyphosate present in treated wastewater (75). Eriksson, et al.,
(2007) identified glyphosate as a European stormwater priority pollutant because it is commonplace in
other monitoring programmes (76). This certainly gives enough reason for glyphosate to be of concern.
However, Eriksson, et al., (2007) also states that developing a pollutant prioritisation framework should
be largely based on the contaminant’s risk to human health. Certainly, this is an important priority to
have, although the lack of environmental consideration is a shortfall. In more recent literature this
viewpoint has changed, with stormwater now being considered to be a source of pollution along with the
development of toxic risk levels and maximum discharge concentrations (70,77,78). To re iterate: our
natural environment displays the direct effects of urbanisation, which in itself affects human health and
life satisfaction (79). Apart from the obvious choice of monitoring the receiving environments to fulfil
this need, stormwater sediment monitoring could also be a candidate as it serves as an ‘in between’
environment which shows changes between glyphosate source and sink.
2.2.2 Marine environment
Aside from marine algal toxicology studies, research in marine environments is young (<5 years) and
data form baselines to build upon. Of the limited number of marine studies, sea water is a clear focus
with little research on estuarine sediment. This only accounts for peer reviewed published studies, while
glyphosate may be included in regional monitoring internationally, it is not typically monitored in New
Zealand because of its high cost of analysis and controversial, political associations.
Worldwide, Europe appears to be making the most headway in estuarine glyphosate research; the Baltic
Sea is the place of focus where emphasis has been placed on learning, adapting monitoring programmes
to include glyphosate and also putting long term management practices in place (80). Of the 10 estuarine
waters sampled, glyphosate was found at nine of them and AMPA at all of the sites. This may be in line
with previous soil studies which confirm that AMPA is more persistent than glyphosate; perhaps in the
estuary where no glyphosate was found degradation had already occurred. However, the authors
speculated that AMPA break down of phosphonate detergents was the most likely cause – which could
perhaps explain why AMPA mean concentrations were much higher than that of glyphosate (e.g. 665ng/L
of glyphosate, 1445ng/L of AMPA) (80). If this is indeed the case, AMPA presence in New Zealand
estuarine sediments can be solely attributed to glyphosate degradation and not from phosphonate
detergents (80).
In Auckland AMPA was detected mostly at or below LOD limits apart from two sites where it was still
well below 400µg/kg (11). It is important to note that the Baltic Sea study was conducted in water, while
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the Auckland study was in sediment – and as discussed, glyphosate behaviour can differ between these
two different environmental matrices. The Baltic Sea study also investigated changes in glyphosate and
AMPA concentration according to rainfall and found that it most likely did have an effect on mobility of
the chemicals. This has bee also suggested for research conducted in agricultural soils. Thus
environmental factors such as rainfall could affect glyphosate in the same way for different matrices, not
taking into account within matrix factors such as pH.
An important point to consider is the small number of studies that investigated glyphosate as a point
source – that is, it is directly applied to control weeds (such as Spartina spp.) in estuarine environments.
(81,82). Skeff, et al., (2015) found no evidence of persistence of glyphosate in the marine environment
over a three year period, while the later study observed persistence on a much shorter scale and found
that glyphosate concentrations dropped below detectable limits after 30 days post treatment. The general
lack of persistence for both studies is interesting as the general scientific consensus is that glyphosate is
incredibly persistent above the time periods used in these studies which suggests a difference between
glyphosate as nonpoint and point sources. Kilbride, et al., (2001) and Skeff, et al., (2015) did not have
glyphosate sprayed before the experimental period, though Kilbride et al., (2001) found traces before
experimental treatment. Slow release, diffused glyphosate may have more potential to accumulate and
persist especially if there is consistent treatment (i.e. scheduled treatment). Consistency in contamination
application is certainly an important aspect when considering a contaminant’s environmental effects.
Lack of studies involving glyphosate in the urban environment does not mean that glyphosate isn’t an
environmental concern. Surveys of river water and sediments entering the Corner Inlet Marine National
Park in Victoria, Australia is a good example of this. Passive sampling was used to determine presence
and concentration of trace metals and ‘restricted use, high risk’ agricultural pesticides (83). Results
showed that both metals and pesticides (prometryn, atrazine) were well below the risk levels thus unlikely
to cause environmental damage. This was certainly an important finding, but not surprising given the
pesticides are labelled for restrictive use. The authors concluded that to get a better understanding of
contamination, more commonly used pesticides such as glyphosate should be screened (83). This places
emphasis on how important prioritization is in EC research especially in cases such as this where the
integrity of a national park may be at stake.
2.3 Biodegradation
As defined by the United Nations, biodegradation “is the process by which organic substances are
decomposed by micro-organisms (mainly aerobic bacteria) into simpler substances such as carbon
dioxide, water and ammonia”(84). Biodegradation is an essential process to consider when
investigating environmental contamination as it can affect the quantity of the contaminant and resulting
metabolites and how they are regulated in the environment. For example, if a contaminant can be easily
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degraded by the resident microbe population then its presence becomes negligible as it breaks down
into key organic compounds such as carbon, nitrogen and phosphorous. Converse to this, if the
contaminant cannot be degraded or degradation occurs very slowly then the contaminant may remain in
its primary form for a long period of time - and can eventually accumulate if loading rate exceeds
degradation rate. As such, knowing the biodegradation characteristics of a contaminant and if possible,
the community structure of a resident microbial population is essential to contemplate the presence of a
contaminant and what management options may be available.
Glyphosate degrades to AMPA by the breakage of C,N or P bonds present – this is well known and
accepted in scientific literature (85). Breakage of the phosphate bond is the more commonly studied of
all the pathways, although all types of bond breakage can occur. When considering biodegradation in a
laboratory environment, it is important to know the ambient levels of glyphosate in a contaminated
sample before it is spiked. Most studies spike sediment or soil with 300mg/L or more of glyphosate;
these large amounts are very unlikely to be naturally found. However, these large amounts are needed to
observe an effect – the importance lies in realistically knowing how and the rate at which degradation
will occur in the environment.
Application of this knowledge lies in engineering solutions for remediation; microbes can be powerful
tools for cleaning wastewater sludge and improving the quality of filtered wastewater. They are becoming
more and more useful especially where the detection of emerging contaminants is increasing, and more
traditional methods of filtering are inadequate to remove them (86). The effectiveness of the remediation
depends on the microbial community being used, as glyphosate can only be degraded by specific bacteria.
For environmental remediation it must be determined whether the environment of interest contains
glyphosate degrading bacteria. And because soil and sediment can differ widely in microbial community
composition over small spatial scales, the viability of degradation needs to be uniquely identified. Current
research into the biodegradation of glyphosate involves the culture of specific strains of bacteria in soil
and their application in remediation efforts of contaminated land (87,88). Yu, et al., (2015) and Zhao, et
al., (2015) concluded that the bacteria tested showed promising remediation potential; Yu, et al., (2015)
identified Bacillus subtilis strain Bs-15 as a good degrader of glyphosate in the range of 10-3000mg/L
ex situ in soil. Zhao, et al., (2015) identified 3 Pseudomonas spp. strains that utilised glyphosate as a
carbon source at a range of 10-50mg/kg of dry soil. These studies act as ‘proof of concept’ which, under
tightly controlled conditions show positive results, but cannot be extrapolated and applied to the natural
environment.
Large scale ex situ remediation studies show that bioremediation is possible, but it is only significantly
effective with the inoculation with specific glyphosate degrading strains (89). Depending on the
glyphosate application regime of the area, the indigenous microorganisms may not have evolved to use
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glyphosate as a nutrient source, as assumed by Ermakova, et al., (2010) based on their results that control
plots with no inoculation did not show significant glyphosate degradation (89). Despite these positive
results, the inoculation affected the indigenous microorganism community – which suggests a trade-off
between maintaining ecological health and compromising it for the overall quality of the environment.
Microorganisms provide vital functions in maintaining nutrient balances and biogeochemical processes
needed to support a whole ecosystem (90). Human influences, such as application of glyphosate to soils
or its discharge to estuarine systems can have detrimental effects on ecosystems. As a result of this, there
is a large volume of published studies which have been dedicated to the effects of glyphosate on microbial
communities. With a more ecological focus, researchers are finding that glyphosate spiked soils show an
increase in carbon mineralisation over a short period of time, however, it can drop quite low indicating
an inability of natural microorganisms to adapt quickly to an input of glyphosate, as observed by
Ermakova, et al., (2010) (88,90). Otherwise, microorganism population generally increases, although
some studies found that overall community production was a poor variable for understanding the effects
of glyphosate, with Widenfalk, et al., (2008) describing the changes that occur in a microbial community
as “stochastic”(p.583) (91–94). It is already suspected that AMPA persists much longer than glyphosate
and that its environmental effects are unknown – thus there is certainly room for research on AMPA
degradation in soils and sediments.
The diversity and growth of microbial communities are good indicators of overall ecosystem health as
they are very sensitive to changes in the ecosystem (95). The questions arises, if bioremediation
essentially requires the environment to be inoculated with foreign bacterial strains, then the microbial
community structure will change – and how will this affect ecosystem health? When undertaking
microbial studies with the intent of removing contaminants, the effect of the bioremediation efforts needs
to be critically analysed. Furthermore, standard analyses that were once suitable are now not sensitive
enough to detect changes brought upon by the input of emerging contaminants to the environment
(95,96). How contaminant and biological data is collected and analysed needs to change as environmental
stressors do i.e. what we know about microbial analyses for zinc contamination, are unlikely suitable for
glyphosate, AMPA or other emerging contaminants (96).
The purposes of investigating the biodegradation of glyphosate can be complex. Using initial results to
investigate the viability of bioremediation and also investigating glyphosate effects on microbial
communities are the two main points of focus in literature. However, both of these concepts are strongly
linked, with room available to improve methods of analysis while considering total ecosystem health. It
is clear that biodegradation factors are particular to the area of interest, and that even if bioremediation
is not an immediate goal, knowledge of environmental health should be established.
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2.4 Rationale
Glyphosate has received considerable attention lately and this is mainly due to due to the fact that human
health may be at risk, due to its presence in agricultural soils, groundwater and wastewater. Several
studies have shown there is potential for glyphosate contamination of environmental media such as soil
and water including marine sediment which could affect human and ecosystem health.
Glyphosate is heavily used in urban areas, yet, aside from wastewater studies, there has not been any
studies conducted to date detailing its presence or characteristics in urban environments. Urbanisation
will increase with a strong likelihood that glyphosate use and detection will increase along with it; thus
a great deal of research that should be part of the glyphosate – human health link is missing.
In an environmental context, glyphosate and AMPA research is thorough, but dependant on factors in
the region of interest – e.g. pH, indigenous bacterial community, history of glyphosate use. As glyphosate
research can often be the starting point for developing management frameworks or remediation options,
it is important to have data that is relevant. Furthermore, there is some evidence that glyphosate has
effects on indigenous soil bacteria communities, which can be a reflection on the whole ecosystem
functioning. Therefore, a biological approach can aid in evaluating an ecosystem while providing
direction for possible management/remediation actions.
From a contaminant perspective, knowledge on the fate and behaviour of glyphosate and AMPA is
essential in understanding how they are accumulated and transferred along a pathway, and the key stages
at which changes occur. This knowledge establishes a base line which can be built upon with regular
monitoring and could also make glyphosate application more time and cost efficient. AMPA also forms
an independent and important aspect in understanding chemical changes; information on how it behaves
in the environment is scanty so more information is needed for glyphosate research to be thorough and
complete.
2.5 Scope of thesis
The relationship of glyphosate with urban environments in Auckland, New Zealand, will be examined in
this thesis. Degradation of glyphosate and AMPA at different concentrations and biodegradation by
resident microbial populations are also of interest. Furthermore, this thesis takes a holistic viewpoint of
the contaminant and its metabolite in terms of public, government and scientific perspectives and also
how contamination changes with urbanisation. As such, a well-rounded and all-encompassing approach
is taken by including chemical and biological aspects of glyphosate and its metabolite which are not well
understood in an urban context. However, this is only applicable to small, localised areas in Auckland,
New Zealand although they may be cautiously applied to other cities in New Zealand that are likely to
experience rapid urbanisation growth. It is understood that this research will likely be inapplicable to
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international cities given the small scale and variability of the contaminants and environments of interest
(as previously discussed).
2.6 Aims and objectives
The overarching aim of this work is to assess the levels of glyphosate and AMPA in urban soils and
stormwater sediment and determine the fate of these compounds through microbial enrichment and fate
studies conducted under controlled laboratory conditions.
Specifically, the following objectives are planned:
1) Quantify levels of glyphosate and AMPA in urban soils and deposited stormwater sediment before
and after a routine glyphosate spraying event.
2) Quantify levels of glyphosate and AMPA in marine sediment near a stormwater outfall and to compare
those levels found earlier in 2014, through monitoring studies.
3) Observe ex situ bacterial degradation of glyphosate by supplying bacteria from marine sediment with
glyphosate as a carbon source.
4) Observe ex situ degradation of glyphosate at environmental concentrations in selected urban soils.
5) Determine the sorption characteristics of glyphosate in selected urban top and subsoils.
It is hypothesised that glyphosate will exhibit a similar pattern of in situ degradation as observed in
agricultural soils, and that aminomethyl phosphonic acid will show a greater persistence. Levels in
stormwater catchments are expected to follow the same pattern, and that there will be correlation with
discharge and rainfall readings from a near-by stormwater catchment. Levels in marine sediment are
expected to have increased significantly since 2014.
It is also expected that bacteria will utilise glyphosate as a carbon source and that there will be a
significant decrease in organic carbon concentration over time. Urban soils are expected to exhibit
significant sorption.
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CHAPTER 3: Methodology
3.1 Site Information
This study was based at Koromiko Street and the Upper Whau estuary in the suburb of New Lynn,
Auckland, New Zealand (Figures 8, 9 and 10). It is a cul de sac street with a gentle slope of 10° or less.
The road kerb of this street is sprayed every three months with the commercial glyphosate formulation
AgPro Glyphosate 360 (360g/L as an isopropylamine salt) which contains a polyethoxylated tallow
amine (POEA) penetrant. It was diluted according to commercial directions (200ml of concentrate to 100
litres of water) making a final concentration of 0.72g/ml. This was applied by handgun in a continuous
(non-selective) ~15cm strip along the grassed edge of the road kerb. Volume of final solution applied per
berm is unknown and not recorded by the sprayer. Each strip of vegetation sprayed is approximately 2m2
with a whole berm measurement of approximately 43m2. During the period of this study, the street was
sprayed on the 18th January 2016, then it was due to be sprayed in June, however, this was prevented by
rainfall. The next spray occurred on 20th October 2016 (minimal wind) at 11:20am.
Sampling occurred before spraying of glyphosate (control), three days post spray (DPS) and 42 DPS (6
weeks, 1st December 2016). As most of the sampling occurred in a traffic corridor, care was taken to stay
as close to the grass berm as possible, as well as wearing a high visibility vest and remaining vigilant.
The quantity of temporal sampling was limited by budget, so the sampling periods were chosen to best
reflect glyphosate and AMPA changes before, almost immediately after and approximately near the time
of reported glyphosate half-life.
Stormwater sediment was collected from catch pits, which is the void underneath a gutter which allows
the settlement of solids while allowing water to pass through, illustrated in Figure 7.

Figure 7: Cross section diagram of a catch pit

N
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Koromiko Street was chosen for catch pit and soil sampling for the following reasons:


It was in close proximity to the Stewart et al., (2014) marine sampling sites. The stormwater
outfall was approximately 135 metres from the marine sampling sites, this was the closest outfall
to the marine site.



The stormwater network servicing Koromiko Street was isolated (see Figure 10) which meant
that the water and sediments within the catch pits were likely to be residentially sourced, however,
this could not confirmed.



The berms had variation in the height of grass/weed cover.

Figure 8: Extended aerial view of the region of interest with associated estuarine and harbour environments.
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Figure 9: Koromiko Street and marine sampling locations. Northern most coordinates is the site of the Stewart et al., (2014)
survey (1749292, 5915082), below that are the coordinate of marine sampling for this thesis (1749256, 5915050). Yellow
outline shows Koromiko Street (Auckland Council GeoMaps 2016).

On Koromiko Street, berms were selected for grass cover, this was classed as high vegetation (curb
overhang, ≥10cm height grasses) or low vegetation (no overhang, <10cm height grasses). There were
several berms that showed these two types of vegetation; two berms were selected at random. The berm
with the less vegetation will be known as Upper berm, the one with more vegetation known as Lower
berm. The two lowest catch pits were selected to represent maximum concentration of downward
stormwater runoff. The catch pit at the end of the street will be known as Lower catch pit, and the one
further up the street will be known as Upper catch pit.
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Figure 10: Location of soil sample sites (berms) stormwater catchments and the stormwater network for Koromiko Street.
(Auckland Council GeoMaps 2016).

Stormwater discharge (m3/second) and rainfall data were provided as part of an official data request to
Auckland Council. The closest rainfall and discharge recording sites to Koromiko Street was chosen,
which in this case was Avondale Racecourse. Total rainfall for the study period was 68.25mm.
3.2 Field experimental design and sample collection
3.2.1 Soil
Three soil samples were collected from each berm at each sampling period (Figure 11). Two of these
were replicates, the third was a back-up sample to be used for microbial assays. Each soil sample was
collected approximately 30cm apart, however, the distance between each sample was deemed to be
irrelevant as the grass strip next to the berm was sprayed evenly i.e. concentration per 1cm2 should be the
same. The samples were collected with a narrow headed spade marked at 10cm width and depth and
when samples were unearthed they were measured for size with a standard measuring tape and cut down
with the spade blade to approximately 1m3 cube of grass and associated soil (Figures 12 and 13). This
was then split further into root mass in soil (topsoil) and soil with no root mass (subsoil) resulting in two
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replicates of each depth and a total of 4 samples per berm. This was carried out on a berm of high
vegetation (>5cm height with curb overhang) and low vegetation (≤5cm height with no curb overhang).
Samples were double packed in 378ml sterile polythene bags with unique identifiers. Berms consisted of
mostly kikuyu grass, with some English grass and moss.
All sampling equipment used to unearth samples were washed in a small amount of dishwashing liquid
and a clean cloth in a plastic bucket between sampling berms. Latex non sterile gloves were worn during
sample unearthing, measuring and packaging. Gloves were changed between berm sampling and new
cloths were used at each cleaning to avoid cross contamination. Hands were also washed after soils were
bagged and before putting on new gloves.
Control samples (taken approximately 1 hour before spraying) were collected outside the expected area
of spraying (Figure 11). Three DPS and 42 DPS were sampled as close to the kerb as possible, however,
this was difficult in some places where the soil was very compact near the concrete edge of the kerb. This
may have resulted in some variability in measuring each sample once removed from the ground.

Figure 11: Schematic showing area of sample collection in detail.

All soil samples were stored in a polystyrene bin containing ice packs. They were then stored at -20°C
at the laboratory and sent frozen to the analytical laboratory.
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Figure 12: Example of holes dug relative to spade used.

Figure 13: Measuring a soil sample.

3.2.2 Stormwater sediment
Four samples at each sampling period were taken from each catch pit consisting of three replicates and
one back up sample. The catch pit lid was lifted carefully and sediments were collected using a plastic
scoop attached securely to the end of a 2m long bamboo pole. Sediments were collected from each corner
of the catch pit, with care taken to take as much solid and as little liquid and domestic rubbish as possible
(Figure 14). Each sample was about 250ml in volume and was poured into new 378ml bags with unique
identifiers. These samples were triple bagged to minimise as much leakage as possible. Water depth,
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sediment depth, and sediment characteristics were recorded. The samples were stored in a polystyrene
bin separate to soil samples. As with soil samples, these samples were stored at -20°C separately to soil
samples until they could be sent for analysis. However, an issue with laboratory storage meant that the 6
week samples could only be sent chilled, not frozen. As with soil sampling, precautions were taken to
minimise contamination (washing equipment and wearing gloves).
The upper catch pit consisted of fine silt, water, and gravel. The lower catch pit consisted of fine silt,
water and decomposed leaves. Both catch pits contained human generated rubbish. A difficulty in getting
enough sediment from the lower catch pit for chemical analysis resulted in those samples being treated
as one composite sample.

Figure 14: Example of catch pit material.

3.2.3 Marine sediment
The Whau estuary begins in a highly urbanised and commercial area, with some green spaces such as
recreational parks and golf greens. The marine sampling locations were chosen at random: the area is
homogenous mud, thus very unlikely to have strong differences in chemical and contaminant
characteristics over a spatial scale. The sampling sites were at least 1km from a source freshwater stream.
Avicennia marina (mangrove) forest borders each side of the estuary (~45m depth from Koromiko Street
to mud) (Figure 9). There was no obvious macrofauna present at the time of sampling, although holes in
the mud indicated the presence of Helice crassa (estuarine crab). The marine sampling sites for this thesis
were approximately 50 metres from the site previously sampled by Stewart et al., (2014).
Marine sampling was undertaken at a discreet point in time between 3 DPS and 42 DPS of soil and catch
pit sampling periods. Sampling was completed approximately one hour before low tide, and
approximately 10m back from the main channel. A standard steel gardening trowel was used to take
surface scrape (approximately 2cm depth) samples. Nine random sub samples were taken within a 1m2
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quadrat which was thrown randomly; these nine sub samples made up of one composite sample for
analysis. Six composite samples were taken, five replicates and one back up. A shallow (1mm-2mm)
layer of water was present over all samples, although obvious pools of water were avoided. Three
subsamples were placed in one 378ml sterile polythene bag, these were double bagged to prevent leakage.
As much care was taken to prevent contamination by changing gloves and wiping the trowel with a new
cloth between quadrats; however, given the challenging nature of the environment (very soft mud and
rain) decontamination procedures were difficult to follow at times. Considering that the mud was very
homogenous it is unlikely that not following these procedures would make any significant difference in
chemical analysis (Figure 16).

Figure 15: Upper Whau, view from the bank.

Figure 16: Marine sediment in quadrat.

It was intended that the samples be sent as chilled in a polystyrene bin immediately after sampling, but
due to natural disasters (hurricanes) at the time delivery times were not certain. Therefore samples were
frozen at -4°C until they could be sent for analysis.
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3.2.4 Analytical chemistry
Analytical chemistry took place at Asure Quality Laboratory in Wellington, New Zealand. Their methods
are based on Alferness & Iwata, (1994). The methods described below were used for soil, catch pit and
marine samples.
Sample preparation involved semi drying the sample in a fume hood. The sample was then sieved to
1mm and components such as root, grass, gravel were removed. The sample was mixed to achieve
homogeneity, then moisture content was determined by weighing the sample, drying overnight in a 105°C
oven then weighing again, thus results were reported as dry weight.
20g samples were then extracted with aqueous solution containing 13.75ml of 25% ammonium and 13.6g
potassium dihydrogen phosphate made up to 1 litre with deionised water. A 15N13C2 glyphosate internal
standard was then added. They were then mechanically shaken for 90 minutes at 100-200 strokes per
minute then centrifuged at 2000 rpm. A 2ml aliquot was taken and blown to dryness under N2.
Derivatization was by methanol and acetic anhydride; contrast to Alferness & Iwata (1994) who used 1
part hexaflurobenzene and 2 parts trifluroacetic anhydride (97).
Liquid chromatography – tandem mass spectroscopy (LC-MS/MS) analysis was performed on an
Applied Biosystems API 5000 triple quadrupole instrument operated in the positive-ion mode, with a
XBD-C18, 100mm x 4.6mm, 1.8µm column. Mobile phases used were 0.1% formic acid in water and
0.1% formic acid in acetonitrile using a gradient program. A reagent blank was run at each batch with a
matrix recovery run on every sample to assess glyphosate and AMPA glyphosate recoveries. Six matrix
recoveries were run on a range of 0.02mg/kg to 2mg/kg for a clean (laboratory) sample to construct
calibration curves. Curves were constructed using response ratio (analyte response/internal standard
response) against concentration. Table 3 shows characteristic ion masses for analytes.
Table 3: Characteristic ion masses for analytes.

Analyte

Q1 (precursor ion) Q3 (1) (product ion) Q3 (2) (product ion)

AMPA

181.937

111.000

140.000

Glyphosate

254.030

102.100

212.000

15

257.420

105.200

-

N13C2-glyphosate

Because of the addition of the internal standard, glyphosate recoveries ranged between 90% and 110%
of expected concentration. A result above 130% was estimated. It was noted that AMPA recoveries
were variable and if they were outside of the 70%-130% range the sample was corrected for recovery
and reported as an estimate. Stormwater sediment samples from the lower catch pit could not be treated
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as replicates due to difficulty in filtering enough solid material to be extracted for LC-MS. Therefore
results were represented as one composite sample.
3.3 Microbial enrichment studies
Artificial sea water was created in two parts; macronutrients in 1 litre, and micronutrients in 500ml. This
is summarised below in Table 4.
Table 4: Artificial seawater components.

Macronutrient
NaCl

Stock solution (g/L)
240

Micronutirent Stock solution (g/L)
HCl (34-37%) 10ml in 1 litre

Na2SO4

40

MnSO4 ·H2O

1

KCl

6.8

FeCl2 ·4H2O

1.4

KH2PO4

2

CoSO4 ·5H2O 0.2

NaHCO3

1

ZnSO4 ·7H2O

0.2

KBr

0.1

NiCl2 ·6H2O

0.02

H3BO3
NaF
MgSO4

0.26
0.03
108

CuSO4 ·5H2O 0.026

These volumes were measured to two decimal points. In both solutions, compounds were added to
volumetric flasks, in the case of micronutrients the flask was kept under a fume hood due to the presence
of an acid. MilliQ water made up the resulting final volumes. Both solutions were refrigerated at 4°C.
Precipitation was present in removing the macronutrient solution from the fridge, caused by the high salt
concentration. To dissolve solids, the solution was sonicated in an ambient water bath, then magnetically
stirred at 1500rpm. The micronutrient solution and 500ml of MilliQ water were autoclaved for 30 minutes
and allowed to cool. Following Nourouzi, et al., (2011), 50ml of marcronutrient solution and 0.5ml of
micronutrient solution were added to a 500ml flask, with sterile MilliQ water. 150mg of glyphosate
(PESTANAL ® analytical standard, Sigma Aldrich New Zealand) was added and the flask was shaken
for a total glyphosate concentration of 300mg/L. Marine sediment samples each weighing 1g was placed
in three plastic screw top 50ml centrifuge tubes. A working solution of 50ml was added to each tube plus
a fourth tube which contained no marine sediment was treated as a control. This made three replicates
and one control. Each tube was vortex mixed for 30 seconds then hand shaken. This process was repeated
three times. The tubes were left to settle, then the supernatant from each tube was removed and placed
separately in 250ml Erlenmeyer flasks. This was made up to 100ml volume with additional working
solution. Flasks were swirled, then 50ml of solution was removed for a final volume of 50ml, allowing
space for air exchange.
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Each flask was then set on a mechanical shaker (200rpm) in an incubator at 30°C for three weeks. Every
seven days, samples were removed from each flask and placed into separate sterile centrifuge tubes – an
exception to this was the last set of samples which were withdrawn a day early due to the malfunction of
the mechanical shaker. The samples were then centrifuged at 14000 rpm for 10 minutes at 20°C. Samples
were then syringe filtered (0.22µm, nylon hydrophilic) and made to 25ml volume with MilliQ water.
They were then stored at -20°C and filtered later before total organic carbon analysis.
3.3.1 Total organic carbon analysis
Total organic carbon was measured using the Shimadzu TOC –VCSH with ASI – V autosampler, and
total carbon minus inorganic carbon method was used to measure total organic carbon.
The initial concentration standard was created by setting aside 25ml of the working solution created.
Sediment carbon standard was created by following the above method for sediment extraction, just
without glyphosate addition to the working solution. Calibration standards were 1.0mg/L, 5.0mg/L,
10mg/L, 15mg/L, and 20mg/L for both inorganic carbon standards (sodium hydrogen carbonate and
sodium carbonate, stock of 1000mg/L) and total carbon standards (potassium hydrogen phthalate, stock
of 1000mg/L). Samples were run overnight with a run time of approximately 10 minutes per sample.
MilliQ water was used as a blank.
Theoretical carbon contained in each standard was calculated and was plotted against instrumental
response (area) for the calibration curves. TOC values for samples were manually calculated using y –
intercept and slope values from the calibration curves.
3.3.2 High Performance Liquid Chromatography (HPLC) method development
High performance liquid chromatography with fluorescence detection (HPLC-F) was chosen to analyse
samples from soil adsorption batch studies. Development of this method was based on Wang, et al.,
(2016). Calibration standards of glyphosate and AMPA were made in water at a range of 0.1-5mg/L.
Fluorenylmethyloxycarbonyl chloride (FMOC-Cl) (Sigma Aldrich) was prepared in acetonitrile (ACN)
to a concentration of 6.0mmol/L to be used as a derivatization reagent as glyphosate is not fluorescent
on its own. Sodium tetraborate and boric acid in water was used as a borate buffer within samples
(0.2mmol/L, pH 8.85), and ammonia acetate was used as a buffer during sample runs in HPLC-F
(5mmol/L, pH 9.0). Derivatization was as follows: 500µL of glyphosate standard, 100µL of FMOC-Cl
reagent, 100µL of water, 100µL of borate buffer and 200µL of methanol. Each sample was vortex mixed
for 10-20 seconds, then filtered through a 0.22µm syringe filter in 1.5ml vials and samples were then left
to react for 30 minutes at room temperature then analysed by HPLC-F.
Analyses were performed on a modular Shimadzu LC chromatographic system (LC-20AB) with a RF20A fluorescent detector. Separations were performed on an Agilent reversed phase ZORBAX SB-C18
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column (5µm particle size, 150x4.6mm). Excitation was set to 265mn and emission to 315nm. Methanol
(as a mobile phase) gradient elution was as follows: 0min, 20% / 3min, 20% / 6min, 70% / 18min, 70%
/ 23min, 20%. The total run time was 26 minutes with a re equilibration period of 3min.
Instrumentation available for the development of this method was a Shimadzu HPLC (LC-20AD), with
an auto sampler (SIL -20AC), pump (LC-20AD) and spectrofluorometric detector (RF 20Axs). Peak
formation was visualised using Shimadzu LabSolutions software. Column used was Phenomenex Luna
5u C18(2) 100a (1500 x 4.6mm). The first attempt at developing a method followed Wang et al., (2016)
exactly except for instrumentation differences. HPLC was run in low pressure gradient mode with an
eluent flow rate of 1ml/minute and a maximum pressure of 3000psi. Interference of FMOC-Cl with
identifying glyphosate peaks and concerns over potential column residue resulted in the method
development being centred on the ratio of glyphosate to FMOC-Cl. This also functioned to identify when
complete reaction of glyphosate with FMOC-Cl occurred. Ratios of 1:1-1:1000 were tested, as well as
possible interaction effects that buffer concentration and volume had on peak formation and retention
time. Different concentrations of glyphosate were also tested from 5µg/L to 5mg/L. The final stages of
method development involved changing eluent characteristics, acquisition time and maximum pressure.
For the final method, serial dilutions of glyphosate from 500mg/L stock in water were made – 49µg/L,
70µg/L, 100µg/L, 200µg/L and 500µg/L. FMOC-Cl (97% purity Aldrich New Zealand) stock solution
of 3.0mmol/L concentration was prepared in 50ml in ACN. This was then diluted further to 1.2mmol/L
in ACN as working solution. Borate buffer was prepared to 0.2mmol/L, pH 9.13. Stock ammonium
acetate buffer was prepared to 50mol/L which was diluted every 2-3 days to 5mmol/L and pH balanced
to 8.95 (±0.02) with 10mol/L NH4OH. Derivatization occurred as follows: 300µl of glyphosate standard,
300µl of 1.2mmol/L FMOC-Cl solution, 200µl of 0.2mmol/L borate buffer and 200µl of methanol were
added to one 1.5ml HPLC vial. Each sample was vortex mixed for 15 seconds then left for 30 minutes at
room temperature.
HPLC-F conditions as follows: low pressure gradient flow with eluent gradients as follows: 0.01min,
20% / 3min, 20% / 6min, 80% / 12.5 min, 80% / 15min, 20% with a flow rate of 1.5ml/minute.
Fluorescence excitation and emission wavelengths were set to 265nm and 315nm respectively.
Maximum pump pressure was set to 4000psi, and sample run time was shortened to 18 minutes with data
acquisition time set at 10 minutes. Auto purge was used before each run; both the ammonium acetate and
methanol lines were purged, along with the autosampler for 2 minutes each. A water blank preceded the
first sample. A column wash of a Milli Q water and methanol gradient for 35 minutes (minimum) was
performed between each batch of samples. An extended column wash of 1.5hrs was performed once a
month.
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Glyphosate samples prepared exactly to the Wang et al., method were not able to be detected. Figure
25 below shows the chromatogram for one standard (2.5mg/L). According to the chromatogram, there
were many detections which made the identification of glyphosate extremely difficult (Figure 17).

Figure 17: Chromatogram for detection of glyphosate using Wang, et al., (2016) method.

Discussion of the Wang et al., (2016) method revealed that detection of glyphosate was likely
dependant on the ratio of glyphosate to the derivatization reagent, FMOC-Cl. Therefore, ratios of 1:200
to 1:1000 were analysed in an attempt to observe a plateau of peak area for glyphosate, which would
indicate that full derivatization had occurred (Figure 18).
Peak area did not change from ratios 1:50 to 1:100. From 1:100 to 1:500 there was a gentle increase in
area which became steeper from 1:500 to 1:1000. A plateau was not reached, and the continued
increase of peak area with FMOC-Cl quantity suggests the relationship would continue in a linear
fashion. Further analysis of higher ratios was ruled out due to the possibility of FMOC-Cl residue
remaining in the column; even so, at 1:1000 this was likely occurring as samples which contained no
glyphosate (or AMPA) such as water or a 50:50 methanol water mix registered peaks due to the
fluorescent nature of FMOC-Cl.

36

450000
400000

Peak area

350000
300000
250000
200000
150000
100000
50000
0
1:50

1:100

1:200

1:500

1:800

1:1000

Ratio of glyphosate to FMOC-Cl

Figure 18: Peak area changes with the ratio of glyphosate to FMOC-Cl (n=1).

On adjustment of the method, glyphosate was successfully detected. Much of the noise seen previously
was eliminated to show distinct peaks, one of which was identified as glyphosate (retention time 8.94
minutes) (Figure 19). Two tall peaks with flat tops (Full flat top shown in Figure 20) indicated that
FMOC-Cl concentration was too high for detection - this became a feature of all chromatograms, and
because it did not interfere with the peak formation of glyphosate it was ignored. Adjustments of the
eluent gradient and flow rate produced a more distinct glyphosate peak with a shorter retention time
(Figure 20).

Figure 19: Chromatogram showing glyphosate peak with retention time (minutes). Ratio used is 1:1000.
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Figure 20: Full chromatogram showing flat peak of FMOC-Cl.

3.4 Soil batch sorption studies and soil properties
3.4.1 Soil properties
Topsoil and subsoil were analysed for particle size distribution, base saturation, cation exchange
capacity, nitrogen and organic content by Landcare Research, Palmerston North, New Zealand (Table
5). These methods are publicly accessible at:
http://www.landcareresearch.co.nz/resources/laboratories/environmental-chemistrylaboratory/services/soil-testing.
Table 5: Soil properties and method of determination

Test

Landcare Research method no.

Citation

Cation exchange
capacity/exchangeable bases
Base saturation

144

Blakemore, et al., (1987) (98)

142

Blakemore, et al., (1987) (98)

Organic carbon

14

Leco, 2003 (99)

Total nitrogen

14

Leco, 2003 (99)

Particle size distribution

190

Claydon, (1989) & Day, (1965)
(100,101)

3.4.2 Batch sorption studies
Soil samples taken from the low vegetation berm before spraying occurred were used for glyphosate
adsorption isotherm experiments. Both topsoil and subsoil were used to generate isotherms for
glyphosate using the following experimental protocol.
Soils (1g ± 0.02g) were weighed into round bottomed 30ml glass centrifuge tubes with Teflon-lined
screw caps. Tubes with cap were weighed, and 1g of soil was added to the tubes and tubes were re38

weighed. A glyphosate solution of 15mg/L was prepared by accurately weighing 3.8mg of glyphosate
in 250ml of 0.01M CaCl2. Multiple concentrations of 10mg/L, 5mg/L, 1mg/L and 0.5mg/L were then
serially prepared from 15mg/L. A preliminary soil sorption validation study showed a matrix effect as
no detection occurred on the injection of samples. This validation study was completed by preparing
samples in the manner shown in Tables 6 and 7. Samples were shaken in an end-over-end shaker for
24hrs and then centrifuged at 1800rpm at 20°C for 10 minutes. The supernatant was then filtered and
prepared for HPLC-F in the manner described in the previous section.
Table 6: Samples created to validate sorption method using CaCl2.

Factor

S1

S2

S3

S4

S5

100mg/L

none

300µl

300µl

300µl

300µl

0.01M CaCl2

30ml

29.7ml

29.7ml

29.7ml

29.7ml

Initial pH

unadjusted

unadjusted

3.5-4.5

5.5-6.5

8.5-9.5

Topsoil

1g

none

1g

1g

1g

Final volume

30ml

30ml

30ml

30ml

30ml

GLYPH

Table 7: Samples created to validate sorption method using NaCl.

Factor

S6

S7

S8

S9

S10

100mg/L

none

300µl

300µl

300µl

300µl

0.01M NaCl

30ml

29.7ml

29.7ml

29.7ml

29.7ml

Initial pH

unadjusted

unadjusted

3.5-4.5

5.5-6.5

8.5-9.5

Subsoil

1g

none

1g

1g

1g

Final volume

30ml

30ml

30ml

30ml

30ml

GLYPH

pH of the topsoil was measured at 6.41 in water, 5.84 in NaCl and 7.11 in CaCl2. Therefore the middle
pH range was changed to reflect a differing pH than the natural one as one sample was prepared with
an unadjusted pH. As such the mid-range was changed 7.0-8.5, and the high pH range was changed to
9.0-10. Tables 7 and 8 shows the initial and final pH for each sample. In samples S3 and S8 the pH rose
closer to the natural pH while in samples S4, S5, S9 and S10 the pH dropped. The final pH for samples
S1 and S6 (soil, electrolyte, no glyphosate) differed by more than 1 factor. This final pH was
considered to be the actual pH of the soil in electrolyte, as the equilibration period was 24hrs.
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Table 8: pH values of importance for samples prepared in NaCl.

Factor (in NaCl)

S1

S2

S3

S4

S5

Intended pH

unadjusted

unadjusted

3.5 – 4.5

5.5 – 6.5

8.5 – 9.5

Actual initial pH

8.3

6.16

4.25

7.64

10.00

Final pH

6.62

6.85

5.77

6.75

7.30

Table 9: pH values of importance for samples prepared in CaCl2.

Factor (in CaCl2) S6

S7

S8

S9

S10

Intended pH

unadjusted

unadjusted

3.5 – 4.5

5.5 – 6.5

8.5 – 9.5

Actual initial pH

7.11

5.45

3.85

7.11

9.35

Final pH

5.90

8.94

4.94

5.64

6.70

No glyphosate peaks were observed when CaCl2 was used as an electrolyte although derivatization had
occurred as the flat topped FMOC-Cl peaks were observed. When NaCl was used as an electrolyte,
glyphosate was detected (Figure 20). Therefore NaCl was used as mediator solution.

Figure 20: Chromatogram for glyphosate in NaCl (0.01M). Peak marked with retention time (minutes).

Peak area increased slightly from a low pH (3.5-4.5) to a mid pH (5.5-6.5). From a mid pH to a high
pH (8.5-9.5) peak area increased steeply and peak shape improved (Figure 21 and 22).
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Figure 21: Change in peak area across pH ranges (n=1).

Figure 22: Enlarged overlaid chromatogram showing peaks for different pH ranges in NaCl (0.01M) (n=1). Black = low pH,
pink = mid pH, blue = high pH; x axis = minutes, y axis = uV.

Most, if not all soil sorption experiments use CaCl2 as an electrolyte (36,52,102). Therefore successful
sorption and detection of glyphosate was expected with using CaCl2 as an electrolyte. However either
sorption did not occur (which is unlikely) or there was a possible matrix effect occurring with other
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contaminants in the soil which is possible given the urban nature of the soils or there was an interaction
with FMOC-Cl. Glyphosate is not used in its pure form when treating weeds; commercial formulas
often incorporate a penetrant to boost the efficacy of glyphosate (in this case POEA) so in future it is
recommended that any additives be analysed as well. This is not currently a common feature of
glyphosate research, but will become more important as emerging contaminant research in urban areas
evolve. The benefit of a holistic approach to the management of using multiple screening effects as
discussed in section 1.2.2 can be seen here; even if only a theoretical assessment of possible
contaminants present is used it would still give the researcher knowledge of possible roadblocks in the
future.
Solution pH has proved to be an important factor in the sorption of glyphosate. Manipulation of natural
properties is common in ex situ experiments as it allows for detailed observation of the phenomenon of
interest while controlling any factors that may be confounding. In this case a lower initial pH allowed
greater sorption although all final pH values tested in the validation study were near the pH of the soil
in NaCl. This is in line with most other sorption studies; as previously discussed pH increases
protonation of ferrous oxides allowing greater attraction to the negatively charged glyphosate (36,103).
It is highly expected that these soils contain a great deal of ferrous content due to the observed strength
of magnetism in the soil.
As such, solutions were prepared in 0.01M NaCl which, when tested, allowed glyphosate detection
using HPLC analysis. After observation that a lower initial pH (3.5-4.5) would allow greater adsorption
although chromatogram peak clarity was hindered. Therefore an intermediate pH (7.5-7.8) was chosen
to allow good adsorption and clarity of peaks, and pH was adjusted dropwise with NaOH and HCl
(0.05mol/L). For the adsorption isotherm studies involving multiple concentrations, solid to solution
ratio was kept at 1g soil: 25 mL solution of glyphosate with a background mediator solution of 0.01 M
NaCl. A tube containing 1g of soil, and 25ml of glyphosate solution was added (1:25), duplicating each
test concentration resulting in 10 sample solutions. One blank (soil in tube + 25ml 0.01M NaCl) was
also prepared. Calibration standards of 20µg/L, 50µg/L, 100µg/L, 150µg/L and 200µg/L were prepared
from a 500µg/L stock in 0.01mol/L NaCl.
All samples (including the blank) were covered underneath the cap with aluminium foil to avoid
photolysis weighed and tubes were shaken in an end-over-end shaker for 24hrs at constant room
temperature (23 oC ±2). Following equilibration time of 24 hrs, samples were centrifuged at 1800rpm
for 10 minutes at 20°C. On removal from the shaker each tube was weighed again and a portion of the
supernatant of each sample was removed and derivatized in the manner given above in section 3.4.
Final pH was taken from the remaining supernatant. The derivatized samples were then filtered and
analysed. To allow results to fit within the calibration curve, initial concentration samples 15mg/L,
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10mg/L, 5mg/L, 1mg/L and 0.5mg/L were diluted x75, x50, x25, x5 and x2.5, respectively and soil
samples of 15mg/L and 10mg/L were also diluted x10, assuming that some sorption occurs.
Supernatant was kept for a maximum of two days before analysis. During HPLC analysis average
pump pressure ranged between 2000-2800psi, with a glyphosate retention time of approximately 6.2
minutes.
Sample pH was measured for both topsoil and subsoil in Milli Q water and NaCl by magnetically
stirring soil and the liquid at a ratio of 1:5 at a speed that allowed full suspension of the soil particles
(~400-500rpm). Soil was stirred at full suspension for 5 minutes before pH was measured.
3.5 Data analysis and sorption modelling
All statistical analyses were completed in Microsoft Excel (2013) and R Studio (3.4.0). Linear regression
modelling was considered to be the best approach with further pairwise comparisons. Multiple testing
corrections such as the Bonferroni correction to reduce the likelihood of a Type I error were not used
given the small size of the dataset. Furthermore, because this study was exploratory it was imperative to
not increase the rate of a Type II error, which can be caused by the applying the Bonferroni correction to
multiple tests.
Relationships between glyphosate and AMPA concentrations in marine sediment, stormwater sediment,
soils and ancillary variables such as stormwater discharge and rainfall were examined by linear modelling
and the resulting un adjusted R2 values produced.
Adsorption isotherms for glyphosate in top and subsoils were modelled using Freundlich and Langmuir
equations.
Freundlich
…

𝐶𝑠 = 𝐾𝐹 𝐶𝑤 𝑛

eq. 1

Where Cs is adsorption per gram (µg/g), Cw is amount not sorbed (µg/ml), KF is the Freundlich
coefficient (µg/g-1(ml µg-1)-nf) and n is the exponent of the model.
Langmuir
𝐶𝑤
𝐶𝑠

=

1
𝐾𝐿𝑄𝑚

+

𝐶𝑤
𝑄𝑚

…

eq. 2

Where Cs is adsorption per gram (µg/g), Cw is amount not sorbed (µg/ml), KL is the Langmuir coefficient
and Qm is the exponent of the model.

Concentration dependant effective distribution coefficient was calculated according to the following
equation.
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𝐶𝑠 = 𝐾𝑑 𝑒𝑓𝑓 𝐶𝑤 𝑛−1
Cs was calculated by:
(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)
𝑚𝑎𝑠𝑠

…

× 𝑣𝑜𝑙𝑢𝑚𝑒

eq. 3

…

eq. 4
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CHAPTER 4: Results
4.1 Field experiments
4.1.1 Soil
Berms were covered in mostly Cenchrus calndestinus (Kikuyu grass) and English grass with small
patches of a moss species. Both the English grass and moss species were taxonomically unidentifiable.
Soil texture was uniform throughout the field sampling; being a uniform brown colour, smooth but not
in a clay like manner, with occasional small red spots observed upon sample removal from the ground.
Texture analysis revealed loam soils in both topsoil and subsoils and soil also proved to be magnetic
(Figure 25) suggesting the presence of volcanically derived paramagnetic material. During sieving and
drying, small (≤2mm in diameter) glass and plastic pieces were found throughout all samples (Figure
24). Grass death was not observed at 3 DPS (days post spray), but was observed at 42 DPS (Figure 23).

Figure 23: Grass death at 42 DPS.
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Figure 24: Piece of glass found in subsoil.

Figure 25: Soil attracted to a magnet.

In exploring the data, it was obvious that the factors of soil depth and vegetation height created difficulty
in observing clear patterns or potential relationships in the data. Therefore, for most of the analysis,
vegetation height was ignored and treated as extra replicates. This provided more power to the statistical
tests utilized.
Results of soil analysis suggest that there were clear differences in both glyphosate and AMPA
concentrations at different depths (top and subsoils). At both sample depths, glyphosate was detected at
or below the lowest limit of detection (LOD) for control samples (Figure 26). Concentration reached its
maximum at 3 DPS decreased to <1000µg/kg at 42 DPS Glyphosate decreased in concentration by 86%
between 3 DPS and 42 DPS in topsoil, while in subsoil the decrease was 53%. The highest concentration
had the largest error value.
All relationships possible between depths and DPS were linearly modelled, with none proving
significant. As such, depth concentrations were treated as extra replicates and the data was re modelled
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(n=8). This revealed a significant difference of glyphosate concentration between the control, 3 DPS and
42 DPS (p <0.005).

Glyphosate concentration (µg/kg)
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Control
Subsoil

3 DPS

42 DPS

Figure 26: Mean Glyphosate in soil (n = 4). Error bars represent standard error. No error bar on controls as standard
deviation = 0.

AMPA concentrations were much lower than that of glyphosate and increased over time with the
maximum concentration obtained in 42 DPS samples – this is true for both depths measured (Figure 27).
In topsoil, AMPA increased in concentration between 3 DPS and 42 DPS by 38%, however, at subsoil
concentration only increased by 15%. All control samples had concentrations above the LOD. The
highest concentration also had the largest error value.
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Figure 27: Mean AMPA in soil (n=4). Error bars represent standard error.
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When vegetation data were separated out and depths treated as extra replicates, a significant relationship
was found between high and low vegetation at 3 DPS for AMPA concentration (Figure 28, p<0.02). This
pattern was observed in all vegetation data; the graph below shows the only significant relationship.
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1200.00

AMPA (µg/kg)

1000.00
800.00
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400.00
200.00
0.00
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Figure 28: Mean AMPA concentration in high and low vegetation (n=4). Error bars represent standard error.

4.1.2 Stormwater sediment
Both stormwater catch pits contained significant amounts of human generated rubbish such as glass,
aluminium cans, plastic, and foil packets. The upper catch pit contained mostly of this rubbish and
gravel, with fine silt suspended in water. The lower catch pit contained less rubbish and more
decomposing leaves and fine silt suspended in water. All samples taken from both catch pits had a
distinctive sulfurous smell, indicating anoxic conditions (Table 10).
Table 10: Stormwater sediment characteristics.

CONTROL
Sludge depth (cm)
Water depth (cm)
3 DPS
Sludge depth (cm)
Water depth (cm)
42 DPS
Sludge depth (cm)
Water depth (cm)

Upper
catch pit
2
2

Lower
catch pit
2.5
3

4
7

10
1.5

13
10

5
20
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The stormwater glyphosate/AMPA data set was too small to perform any ANOVA analysis; there were
not enough degrees of freedom to reliably model data. Despite this the data showed some unexpected
patterns with surprisingly high concentrations of both glyphosate and AMPA, and the potential for
correlation with the sediment and discharge through the stormwater network.
In the upper catch pit, both AMPA and glyphosate were detected above the LOD in control samples
Maximum glyphosate concentration was found at 3 DPS (3900µg/kg) (Figure 29). Glyphosate
concentration then decreased to approximately 2800µg/kg at 42 DPS. AMPA was present at much lower
concentrations than glyphosate, with a maximum concentration of 820µg/kg in the control sample; this
trend was also observed in soils. AMPA shows a slight decrease in concentration over the study period.
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Figure 29: Mean concentration for glyphosate and AMPA in upper stormwater catch pit (n=2). Error bars represent standard
error.

In the lower catch pit (Figure 30) glyphosate concentrations was similar to that of the upper catch pit,
however the difference between 3 DPS and 42 DPS was much greater (2100µg/kg, 1700µg/kg
respectively). Overall, glyphosate concentrations were smaller in the lower catch pit than the upper catch
pit, while AMPA concentrations are comparable between the two. AMPA concentration increased at 42
DPS, while control and 3DPS concentrations remained similar to what was found in the upper catch pit.
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Figure 30: Glyphosate and AMPA concentrations in the composite sample of the lower catch-pit (n=1).

Even though discharge data provided was not for the Koromiko Street catchment, it was linearly
modelled against glyphosate concentration found in the Koromiko Street catchment (Figure 31). Despite
the discharge data being for a catchment that is much larger than that of Koromiko Street and that it
serviced residential, commercial, green space and road runoff, a slight negative correlation between
glyphosate concentration and discharge was found. As discharge increases, glyphosate concentration in
the stormwater sediment may decrease.
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Figure 31: Relationship between discharge and glyphosate in catch pits (n=9)
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4.1.3 Marine sediment
All values for glyphosate and AMPA in marine sediment were lower than those found in soils and
stormwater sediment (Figure 32). There was no marked difference between the concentrations of
glyphosate and AMPA between each composite sample, and thus not statistically different from each
other. Marine sediment in an ambient laboratory environment was found to have a pH of 7.18.
In comparison to data previously gathered by Stewart et al., (2014) glyphosate and AMPA concentrations
have slightly decreased over time, AMPA less so than glyphosate.
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0

Glyphosate

AMPA

Figure 32: Mean concentrations of glyphosate and AMPA found in this research (n=5) and Stewart et al., (2014) (n=2).

4.2 Biological fate
Two experiments were undertaken to observe the biodegradation of glyphosate (Figure 33). The first
experiment (n=3) ran for 20 days while the second (n=2) ran for 30 days. In both experiments a sharp
drop in TOC occurs within the 0-7 day range which indicates that glyphosate, as an organic carbon
source, has decreased in concentration. In the first experiment a significant difference was detected
between the initial concentration and the 7D, 14D and 20D samples (p <0.05). The second experiment
generated more error than the first and none of the concentration changes were statistically significant.
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Figure 33: Changes in total organic concentration over time. Vertical error bars are the standard errors of means. D= day

In the first experiment, the concentration of TOC in sediment extract and controls were very similar
(Figure 34). The control sample taken at 14 days was slightly higher than the others. The second
experiment (Figure 35) showed that TOC in the sediment extract was much lower than that of the
controls which themselves were higher than that of the first experiment with more variability. The
control sample from 30D was notably higher than the other samples.
160

Total organic carbon (mg/L)

140

120
100
80
60
40
20
0
Sediment extract

7D control

14 D control

20D control

Figure 34: Total organic carbon concentration in controls and sediment extract, experiment 1 (n=1). D= day
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Figure 35: Total organic carbon concentration in controls and sediment extract, experiment 2 (n=1). D= day

In the soil biodegradation experiment, TOC concentration dropped from 350mg/L to 200mg/L (7D
Figure 36). It then rose to approximately 250mg/L, then dropped again to 200mg/L. Days 2, 7, 14 and
30 all had TOC concentrations that were significantly different to the initial concentration; however,
there is notable error associated with all replicated samples.
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Figure 36: Total organic concentration changes over time (n=2). Error bars use standard error. D= day

TOC concentration in control samples did not stay constant over time, with the first sample taken being
notably higher (~175mg/L) than that of the other samples, however, the last three samples taken had
similar concentrations (Figure 37). TOC concentration in soil extract was low in comparison to that of
marine sediment extract (25mg/L, 80-140mg/L respectively).
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Figure 37: Total organic carbon concentration in controls and soil extract (n=1).

Calibration curves were constructed from area under curve and standard concentrations for inorganic
carbon (IC) and total carbon (TC). Both plots had good fit, however the TC fit was better than that of IC
(Figures 38 and 38b).
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Figure 38a: Inorganic carbon calibration curve.
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Figure 38b: Total carbon calibration curve

4.3 Sorption batch studies
Standards run were 20µg/L, 50µg/L, 100µg/L, 150µg/L and 200µg/L. 20µg/L was the limit of
detection (chromatogram not shown) while 50µg/L was the limit of quantification (chromatogram not
shown); below this peak shape formation was not satisfactory enough for area to be calculated with
accuracy. Even so, it was still not sufficient enough to produce a calibration curve of excellent fit
(Figure 39).
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Figure 39: Calibration curve constructed for sorption data.

In Tables 11 and 12, all characteristics have lower value in subsoil than topsoil, with the exception of
Kd and KOC which is affected by the 0µg/L concentration present in one replicate, and sodium as an
exchangeable base; however sodium results were affected by the analysis process. Topsoil is more
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saturated with exchangeable bases which is consistent with a slightly higher pH than in subsoil. Both
topsoil and subsoil have moderate cation exchange capacity (CEC).
Table 11: Carbon nitrogen and pH characteristics of soil (n = 1)

Sample
Topsoil
Subsoil

Organic
C (%)
5.29
4.29

Kd

KOC

0.50
0.98

9.45
22.84

Total
N (%)
0.45
0.37

C/N
ratio
12
11

pH in Milli Q
water
6.41
6.39

pH in
CaCl2
7.11
7.09

pH
in
NaCl
5.84
5.8

Table 12: Cation and base characteristics of soil (n=1).

Exchangeable bases (cmol
(+)/kg)
Sample

Ca

Mg

K

Na

Topsoil
Subsoil

8.09
6.88

4.76
4.44

1.13
0.59

0.21
0.22

CEC (cmol (+)
kg)
17.3
15.9

Base saturation
(%)
82
76

Topsoil and subsoil were extremely similar in physical composition; the only difference being between
size of sand particles (Table 13). Subsoil contained more course sand than topsoil while topsoil had
more fine sand than subsoil. These fractions place both soils between clay loam and loam texture
classes. This concurs with the physical evaluation (ribbon method) used to evaluate soil texture class.
Table 13: Particle size distribution

Clay
Sample (<0.002mm)
28
Topsoil
28
Subsoil

Silt (0.060.002mm)
34
34

Course sand
(2-0.6mm)
2
4

Medium sand
(0.6-2mm)
9
9

Fine Sand
(0.2-0.006mm)
27
25

4.3.1 Freundlich and Langmuir modelling
A simple linear model proved to be the best fit for topsoil sorption data; the relationship between
glyphosate adsorbed (Cs) and not adsorbed (Cw) was near excellent (R2 = 0.92) (Figure 40). Distance
between 10mg/L spike replicates was notably larger than other samples. Fit was poor for 5mg/L spiked
samples.
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Figure 40: Linear relationship between Cs and Cw in topsoil (n=10). Intercept forced through zero

Topsoil sorption data had also had a good fit for the linear Freundlich model (R2 = 0.921) (Figure 41).
10mg/L fit better to this model over the linear regression model, although fit for 5mg/L was still poor.
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Figure 41: Freundlich linear model for topsoil (n=10).

Topsoil sorption data was fit linearly according to the Langmuir equation; the fit was extremely poor
(R2 = 0.33) (Figure 42). Data are heavily skewed towards the left; applying the dilution factor may have
caused this.
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Figure 42: Langmuir linear model for topsoil (n=10).

In subsoil, linear regression again was the best fit for the data (R2 = 0.91, Figure 43). One replicate
(0.5mg/L spike) was of a negative concentration (-1.16µg/L) so the data was altered to 0µg/L which
had an effect on the quality of fit. This was necessary to plot the Freundlich model which is on a
logarithmic scale (Figure 44).
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Figure 43: Linear model for subsoil sorption data (n=10). Intercept forced through 0.

Subsoil sorption data fit poorly in the Freundlich linear model (R2 = 0.74, Figure 44). Here, the
differences between replicates are quite clear and much larger than differences between replicates of
topsoil data.
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Figure 44: Linear Freundlich model of subsoil data (n=10).

The linear Langmuir model is an extremely poor predictor of sorption for subsoil (R2 = 0.006). Again,
data is heavily skewed to the left likely highlighting the effect of applying a dilution factor (Figure 45).
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Figure 45: Linear Langmuir model for subsoil data (n=10).

Both topsoil and subsoil fit best in a linear regression model according to R 2. In both the linear
regression model and the linear Freundlich model, adsorption is predicted to be better in subsoil
(Tables 14 &15). However according to n the Freundlich model would be considered a poor choice for
modelling this data (ideal value 0.95 < 1 < 1.05). KL is unreliable in this case due to the very low and
negative values produced for topsoil and subsoil, respectively. For both topsoil and subsoil, Langmuir
Qm values were extremely high (topsoil) and negative (subsoil) so the Langmuir model is certainly a
poor predictor for glyphosate sorption.
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Table 14: Constants and R2 comparison for topsoil

Factor

Linear regression

Kd/KF/KL Kd 0.50

Freundlich linear model

Langmuir linear model

KF 1.11

KL 0.001

n or Qm

N/A

n 0.89

Qm 745.27

R2

0.923

0.921

0.33

Cs (max.)

357.27

357.27

357.27

Table 15: Constants and R2 for subsoil

Factor

Linear regression

Freundlich linear model

Langmuir linear model

Kd/KF/KL

Kd 0.98

KF 4.97

KL -0.0005

n or Qm

N/A

n 0.93

Qm -1883.6

R2

0.91

0.74

0.006

366.96

366.96

366.96

Cs (max.)

Kdeff for both soils were higher than Kd and KF values for the entire spiked concentration range; the Kdeff
indicate that sorption is dependent on environmentally relevant concentrations, and is better in subsoil
than topsoil. (Table 16). Better sorption in subsoil is also suggested from Freundlich models. It should
be noted here that the actual lowest Cw for subsoil was -1.16, therefore the next lowest concentration
was selected.
Table 16: Kdeff and lowest Cw for topsoil and subsoil.

Factor

Topsoil Subsoil

Kdeff (µg/g)

14.14

15.37

Lowest Cw found (ppb)

15.09

26.28
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CHAPTER 5: Discussion
5.1 Soil as a source of glyphosate
Regular treatment of weeds with glyphosate has resulted in its detection in soils, along with the metabolite
AMPA. Between treatments (10 months), glyphosate completely degraded as it was undetectable in
chemical analysis in control samples at both depths – a spraying event was scheduled for July, however,
it was prevented by significant rainfall. Therefore, this degradation of glyphosate occurred during an
irregular spraying schedule.
There are several observations that confirm degradation of glyphosate and the persistence of AMPA:


During this study, glyphosate reached its maximum concentration at 3 DPS (~3900µg/L,
significant change from control p<0.05), then significantly dropped to <600µg/L at 42 DPS
(p<0.05), indicating degradation between all sample periods. This is similar to what has been
reported in agricultural soil studies which illustrate a spike in concentration soon after application
followed by a decrease as degradation takes place (42). This concentration decrease slightly
follows an exponential pattern; and while there was not enough data points to model this, other
environmental studies have modelled an exponential decrease in glyphosate concentration over
time (42).



The low concentration of glyphosate in 42 DPS samples suggests that substantial degradation
occurred.



AMPA concentration increased steadily over time at both depths – the formation of AMPA occurs
from the degradation of glyphosate.



Presence of AMPA in control samples confirms its persistence following spraying. This
persistence is longer than expected given the 10 month interval between spraying events. Control
samples were taken beyond the area of expected spraying (which was confirmed by observing
spraying) so one would not expect an analyte of interest. Therefore, spray drift had likely occurred
during the January spray event despite a lack of wind or rainfall at the time. If this is the case
spray could also have entered the road gutter and flowed into stormwater drains – this could also
occur through inadvertent over-spraying of the area. Despite being unable to test soils for all
aspects that support glyphosate persistence (e.g. aluminium and ferrous irons, organic matter),
the above points confirm that glyphosate degrades in these urban soils and will persist for at least
42 days after a spraying event. Furthermore, it is clear that AMPA is very persistent and remains
quantifiable for at least 10 months after a spray event. Therefore, if spray events are occurring
every 4 months, it is safe to assume that AMPA is constantly present. It is expected that
accumulation would occur and thus full degradation into inorganic phosphate would never take
place.
61

In topsoil, concentrations of glyphosate and AMPA changed drastically, while in subsoil these changes
were not as extreme indicating that adsorption characteristics are different at depth. Application of
glyphosate to bare agricultural soils also showed that sorption was significantly less between topsoil (02cm, 6.33µg/L 3DPS) and subsoil (5-10cm, 0.03µg/L, 3DPS) (42). Similar results have been also
observed in lysimeter experiments (52). Limited vertical mobility of glyphosate and AMPA is likely
because of their strong sorption characteristics i.e., the majority of glyphosate sorption occurs in the soils
immediately adjacent to the site of application. The presence of small (< 5mm length and width) pieces
of glass and plastic found in both topsoil and subsoil confirms the unique nature of urban soils. Materials
found in subsoils are of particular interest as they were likely there for a long period of time, perhaps
from when the berm was first constructed. During laboratory experiments, it was also accidentally
discovered that the soil was magnetic; this may allude to the presence of ferrous ions, which as discussed,
have a significant effect on glyphosate sorption and thus its mobility which is discussed later (104).
A particularly surprising result was the significant difference in AMPA concentration in soil with
vegetation of low and high height at 3 DPS (p<0.02, Figure 13). AMPA was almost 5 times more
concentrated in soil with low vegetation than of high vegetation; this suggests that AMPA uptake into
plant system may be occurring soon after glyphosate treatment. It also demonstrates that AMPA may be
biologically and perhaps chemically mobile. No grass death was observed at 3 DPS (grass death was
characterised by browning/shrivelling) which indicates that grass was biologically active, thus uptake
from soil was possible. In low vegetation less uptake occurs thus more AMPA remains in the soil.
Another possibility is that glyphosate degradation occurred within the plant; thus in a larger plant more
degradation would occur, and as a consequence of this less glyphosate and AMPA would be translocated
to the soil. Studies concerning glyphosate and AMPA plant residues in the context of contributing to soil
concentrations are very limited; however, the research that does exist suggests that plant enzyme
processes may be converting glyphosate to AMPA (99, 100). Furthermore, studies do not include an
analysis of corresponding root soil; Laitinen, et al., (2007) found AMPA root soil concentrations of
0.13ug/kg and considered the concentration to be too low to warrant any in-depth discussion (106).
It also is an example of the uncertainty that surrounds AMPA; therefore no assumptions should be made
how it behaves in the environment, nor should generalisations be made without undertaking full studies.
There are two surprising results concerning AMPA and correlation should not be discounted at this early
stage.
In biodegradation experiments, TOC reduced from ~350mg/L to ~170mg/L, then increased slightly then
dropped again. Pairwise comparisons proved all relationships between initial concentration and samples
taken at 3, 7, 13 and 30 days were significant (p < 0.05-0.01). There was large error associated with the
13D sample; the difference between the two replicates was 130mg/L. As such it is hard to count the data
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points as true representatives of the sample taken, more likely the actual value was nearer to the second
replicate result of 174mg/L, which would be similar to the other results found for samples 7D and 30D
(184mg/L and 187mg/L, respectively). As such a more likely trend is neutral line between 3D and 30D
samples, similar to what has been observed in marine sediment samples.
The load of glyphosate on these urban soils is quite significant; soils receive loads of glyphosate a
maximum of four times a year depending on weed presence. If the spraying schedule is un-interrupted
by inclement weather the glyphosate load could become quite regular. As such it’s possible that the
microorganism community have adapted to glyphosate presence and as such can degrade large loads of
the pesticide. This is loosely supported by the degradation data; however, it is difficult to draw strong
conclusions from data that has so much error associated with it. More strongly supporting evidence is the
rapidity with which AMPA increased after the spraying occurred; the increase of AMPA at 3DPS was
likely due to the breakdown of glyphosate which decreased itself at 42 DPS. The same effect – a rapid
increase of AMPA – was not observed in the other urban environments studied in this thesis. As in marine
sediments (discussed further on) the ability for bacteria to use glyphosate as a carbon source appears to
be limited as TOC apparently hits a minimum level, and does not go any lower. However, this may just
be due to the length of study period, which was not long enough, as typically experiments are continued
for 50 days or more, and an exponential decrease in glyphosate concentration has been observed (107).
There are no data available in the literature for the sorption of glyphosate in urban soils. Sorption batch
studies have only occurred in non-urban soils (agricultural, forestry) whose properties differ significantly
from that of urban soils. Furthermore, not all studies measure the same variables or the same constants;
for example, Kd values are not often reported as full results (i.e. just a range is given) pH is recorded in
water or another electrolyte (mostly CaCl2 or KCl) and often not both, or either a linear or non-linear
form of a model is used (Table 9). As such comparison can be difficult, although it is known which soil
properties have the greatest effect on sorption (e.g. pH, phosphate content and aluminium & ferrous
oxides (36) so soil properties can be evaluated in tandem with model constants to reach conclusions.
Freundlich modelling is the most common model used for predicting sorption of glyphosate; Langmuir
modelling is uncommon however studies that do use Langmuir modelling state that glyphosate sorption
data fits both Freundlich and Langmuir models well (KL 0.003, R2 0.99 (108); KL 0.067, R2 0.80 (53)) .
This was not the case in this research where Langmuir proved to be a very poor fit for the data; though
this may have been due to issues in analysing chromatography peaks and management of data.
Urban soils are clearly different to non-urban soils (Table 17). Kd and KF values are much higher in nonurban soils than urban soils, indicating that sorption is better in non-urban soils. pH has been identified
multiple times as a major factor influencing the sorption of glyphosate. Lower pH correlates with greater
sorption the mechanism of which is formed by high repulsion forces of the phosphonic group of
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glyphosate; they act on amorphous oxide surfaces and sorption is reduced (also described in section 2.1)
(36). Glyphosate has pKa values of 2, 2.6, 5.6 and 10.6; sorption is maximised when the matrix pH equals
or comes close to one of these values, but becomes minimised when matrix pH extends higher than one
of those values (109,110). In this case, soil pH(H₂O) is 6.39-6.41 which comes reasonably close to pKa 5.6
which supports good sorption. In this thesis pH was lower in subsoil where greater sorption occurred and
was predicted by the Freundlich model which is in line with published data.
Table 17: Comparison of published data for glyphosate sorption in soils.

Kd

KF

n

CEC

pH (H₂O)

Soil depth

Citation

ND

114

0.95

28.4

7.2

30cm

(41)

ND

165

1.03

33.6

7.4

90cm

(41)

ND

144

0.93

7.4

7

Topsoil

(36)

42.8

ND

ND

ND

8.2

10cm

(111)

53.3

ND

ND

ND

8.2

20cm

(111)

ND

414

0.33

28.79

6.01

15cm

(52)

271

ND

ND

ND

ND

150cm

(112)

72

ND

ND

ND

ND

200cm

(112)

0.50

1.11

0.45

17.3

6.41

3cm

This research

0.98

4.97

0.93

15.9

6.39

7cm

This research

Clay has also proven to be a major factor in influencing glyphosate sorption as it is associated with
ferrous oxides (113). KF (and therefore sorption capacity) has found to be consistently higher in
predominantly clay soils (41,52,113–115). In the urban soils studied here, clay content was identical in
both topsoil and subsoil with the only difference occurring within sand fractions and was identified as a
loam/sandy loam soil. This agrees with published data; many urban soils studied are identified as silt
loam or loam (116–118). The lack of a strong clay fraction in both these and most urban soils indicates
that it has little influence on glyphosate sorption. Large clay fractions also correlate to high CEC; this
was not the case in these urban soils (52). The homogeneity in these soils helps to highlight the
differences between urban and more commonly studied soils; they are unique and thus should be
researched without influence of pre conceived ideas and theories.
Sorption is greater at depth; CEC is lower indicating more sites are available for sorption, pH is lower,
which corresponds to higher Kd and KF values. This is clear in both in this research and published studies
although there appears to be no studies that purely investigate changes of sorption with depth. In the
studies shown in Table 17, many sampling depths are greater than those sampled in this study therefore
it is logical that KF values are greater in those deeper samples. Depth is an important consideration where
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it relates to groundwater contamination however this is unlikely important factor for urban soil
contamination as groundwater is not a common source of water for commercial buildings and dwellings.
(36,103). Despite better sorption with an increase in depth, more glyphosate was found in topsoil than
subsoil. Glyphosate is a strongly adsorbing herbicide and any movement occurs only within surface soils
(52). Therefore glyphosate will adsorb to whichever soil particles it comes in contact with first; the
majority of glyphosate molecules will bind there, and it’s likely that glyphosate will only move when all
sorption sites have been taken. The glyphosate molecules that did not bind in topsoil will continue to
move and bind further down. This is supported by base saturation characteristics; base saturation was
greater in topsoil than subsoil indicating that more sites were available further down into the soil.
It is possible that in urban soils, properties that indicate better sorption do not necessarily correspond
with very high KF and Kd values as seen in non-urban soils. This is further supported by n found for
subsoil in this research; it is comparable to n values found in the literature which suggests the data is
indeed of a good and comparable fit (Table 17). Therefore the reason for a low KF is not because sorption
is extremely poor in urban soils.
There is currently no urban soil data available for the Auckland region nor other New Zealand regions
(to best knowledge) so comparisons can only occur with international data. International urban soil
properties are collected to evaluate the effects of contaminants, or to evaluate the effects of salting for
the de-icing of roads, land use change and the application of compost on soil properties (116,119–121).
Table 18 presents some soil properties from a range of literature. It is uncommon for soil pH to be
measured in CaCl2; rather KCl is the electrolyte of choice in urban soils. Furthermore, organic matter
and total C and N are more common measurements over organic carbon. Base saturation was not reported
in any of the below citations. Apart from one stand out CEC value, the properties of urban soil measured
in this study are comparable to what has already been reported. These properties are often related to the
sorption and persistence of contaminants, and so can help predict how a new contaminant may be
regulated. Thus, soil properties should be considered when constructing a contaminant management
framework for an urban environment.
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Table 18: Urban soil properties from a range of literature. Values for this research is the mean of topsoil and subsoil. ND =
no data.

pH(H2O)

CEC (cmol (+)/kg)

Organic carbon (%) Nitrogen (%)

Citation

8.1

40

ND

ND

(117)

5

12.46

ND

ND

(122)

7.8

13.9

4.94

0.38

(123)

7.5

16

ND

0.32

(118)

ND

12

ND

ND

(120)

7.4

17.2

ND

ND

(116)

6.4

16.6

4.79

0.41

This research

Kdeff was higher in both topsoil (14.1µg/g) and subsoil (15.3µg/g) than their respective KF values.
Adsorption remains greater in subsoil. These results show that sorption is greater for actual, very low
environmental concentrations of glyphosate but may not apply for higher concentrations of glyphosate.
Sorption at low concentration may mean that the soils can regulate the loads of glyphosate onto the soils;
for example sorption could be occurring between spray periods when most of the glyphosate applied has
already degraded into AMPA. Regulation of glyphosate loads has been discussed in the section on
biodegradation; regulation is occurring via chemical and biological pathways which is a positive
characteristic of the soil. This is the first time Kdeff has been reported for glyphosate in soil.
5.2 Glyphosate runoff storage
Detection of glyphosate in stormwater sediment was unexpected given that the stormwater network
servicing Koromiko Street is apparently unconnected to other networks. There are some key features of
the stormwater sediment results:


Glyphosate and AMPA concentrations were higher in the upper catch pit than the lower catch pit.
Dilution may be occurring downwards from the source.



Concentrations of glyphosate and AMPA in both catch pits were comparable to that of soils. The
concentration changes over time reflect that of soils for glyphosate i.e. a sharp increase then
decrease.



AMPA decreased over time in the upper catch pit but increased at 42 DPS in the lower catch pit



Significant error within data and non-statistically significant results suggests that there may be
other factors (not measured in this study) that influence glyphosate concentration in the
stormwater network.



A weak negative relationship between stormwater discharge and glyphosate and AMPA
concentration exists.
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As glyphosate and AMPA are typically easily sorbed and have limited mobility, it is probable that as
they move from the source, less and less is being collected in downstream environments. For example,
glyphosate is sprayed onto weeds where it moves to soil. Some may be washed off in runoff, where it
enters the stormwater system and sorbs to any sediment contained there. Assuming there is little rainfall,
only a small portion of that sorbed glyphosate would move through the system down to lower catch pits
and then to the outfall environment which in this case is an estuary. Rainfall was low during this study
thus the smaller concentrations of glyphosate and AMPA in the lower catch pit support this movement
theory. Contributing to this was the inability to gain enough sample to analyse two replicates as in the
upper catch pit; it is possible that there simply isn’t enough sediment for glyphosate sorption to occur.
Glyphosate presence in the water component of the stormwater catch pit may be more relevant here. This
was not measured as glyphosate storage in the system was the more immediate focus – and full storage
can only occur if there is a suitable amount of solid material present.
The increase in glyphosate concentration from control to 3 DPS followed similar trend to what was
observed in soils. Unlike in soil, glyphosate was present before spraying occurred. Runoff from other
streets via guttering systems is unlikely to have contributed to this as many streets surrounding Koromiko
Street had their berms sprayed on the same day that control samples were taken; the time period would
have been too short for glyphosate sprayed in other areas to accumulate in the catchpit. Therefore,
detected glyphosate and AMPA was likely from sediment storage. Interestingly, in both catch pits
glyphosate and AMPA are present at very similar concentrations (~700µg/L). In soil control AMPA was
present at a higher concentration than glyphosate because degradation had occurred over time; this
appears to not be the case in stormwater sediment. The anoxic nature of the environment may be the
plausible reason clue to this trend; most bacteria require an aerobic environment to be in an optimal state.
The decreased oxygen content in stormwater catch pit may have drastically slowed degradation
processes, or only anaerobic bacteria may be dominant and are unlikely to be able to use glyphosate as a
phosphate source so degradation may only occur intermittently. Thus movement and change of
glyphosate and AMPA may be purely dependent upon physical changes within the stormwater network
e.g. flush from high rainfall.
Glyphosate and AMPA concentrations at 3DPS in stormwater sediment reflect the amount of glyphosate
applied to berms on Koromiko Street. It has already been established that spray drift is occurring as
AMPA was present in control samples. And as most of the berms (~90%) in Koromiko Street were
sprayed, a significant amount of glyphosate would have entered the stormwater catch pit via guttering
and drains, thus causing the large spike observed. Furthermore, the similarity between AMPA samples
at control and 3DPS supports the previously discussed theory that degradation is slowed or isn’t occurring
in stormwater sediment; in soils AMPA increased in 3DPS samples indicating degradation had taken
place. One week before 42DPS samples were taken, 18.57mm of rain fell in the New Lynn area which
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increased the discharge from the surrounding stormwater network (11.33m3/second). This would have
caused a wash out through the system which explains the decrease of glyphosate and AMPA at 42 DPS.
Water volume in the catch pit also increased at this time. This was slightly supported by the negative
relationship between discharge and glyphosate concentration. This relationship is extremely weak as the
discharge data used comes from a catchment that services a large part of the New Lynn catchment;
however, if the data had been more specific to the Koromiko Street area it would be expected that
discharge would be a more accurate predictor of glyphosate content in the stormwater catchment.
However, in the lower catch pit, AMPA concentration actually increased at 42DPS. This is unlikely to
be a result of glyphosate degradation in the local network; instead it could be caused by the breakdown
of phosphonates from detergents which could have contributed to AMPA loads over the whole study
period (124). Koromiko Street is a residential street with concrete driveways; runoff from car washing
or from wastewater overflow into the stormwater network would likely affect concentrations found in
stormwater sediment. Thus there is some uncertainty in identifying the sources of glyphosate and AMPA
in stormwater; however regular spraying of the berms is the likely to be the greatest source and can be
accounted for.
5.3 Diffuse estuarine sink
The Whau estuary is homogenous in nature, which typically suggests that the environment is not of
optimal health and is severely affected by human influences. There is no variation in sediment texture or
particle size – the Whau is of fine sediment resembling mud. There was no evidence of macrofauna
diversity; the only sign of macrofauna being holes likely made by the mud crab Helice crassa.
Consideration of environment health is important when investigating contamination as the two often go
hand in hand; the state of the environment may give indication as to how well a contaminant is regulated
especially in an estuarine environment which are typically diverse with complex physical, chemical and
biological factors. Visual observation can give an indication as to the health of an estuary; in this case it
was clear that it was in poor health and it was unsurprising that contaminants had been detected there in
the past. It was immediately expected that glyphosate concentration would have increased since the study
conducted by Stewart et al., (2014). This was not the case as confirmed by sample results. There was
very little difference between replicates for both glyphosate and AMPA, which was expected as the
sampling area was limited due to difficulty in collecting samples (knee deep sediment) and weather
conditions. However, the lack of variation between replicates does support the homogenous nature of the
estuary, and also suggests that diffusion of glyphosate occurs after discharge from a stormwater outfall
i.e. there are unlikely to be concentrated pockets of glyphosate. This supports the decrease or sustained
levels of glyphosate and AMPA over time. Compared to concentrations in both soil and stormwater, the
quantity of glyphosate and AMPA found in marine sediment is very low, therefore it is suspected that
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most of the glyphosate load onto the terrestrial environment is being degraded on land. This supports the
limited mobility and the ability of glyphosate to be strongly sorbed.
Glyphosate and AMPA concentrations have slightly decreased since 2014. The weed treatment program
i.e. glyphosate spraying four times a year has not changed over the last five years; so it is unlikely that
glyphosate load has decreased over time. Biodegradation experiments showed two possibilities: the
natural microbial population either degrades glyphosate extremely quickly, or that the natural bacteria
are not optimised to use glyphosate as a phosphate source.
In both experiments total organic carbon content decreased rapidly from the initial concentration of 250
mg/kg of TOC (300mg/kg of glyphosate) to 140-170 mg/kg TOC. While this would ordinarily support
the theory of rapid degradation, it is important to note that 300mg/kg is well above any environmental
concentration one would normally likely to encounter in marine sediment. Furthermore, after that initial
decrease, TOC becomes relatively stable which may be an indication that the bacteria present cannot
utilise glyphosate at those lower concentrations. Unfortunately the actual glyphosate amount present at
this level could not be measured due to a myriad of factors – however, it is assumed that this level is still
much higher than what is contained within the environment which was 250µg/kg. Measurement of TOC
cannot distinguish between AMPA and glyphosate as they both contain phosphate groups; therefore a
plausible explanation for mechanisms of degradation could not be offered.
There is dearth of information on studies which used glyphosate as a carbon source; the experiments
undertaken here are based on the enrichment process of Nourouzi, et al., (2011) who went further than
this thesis and identified the bacteria that degraded the glyphosate. The authors observed 99.5%
conversion of glyphosate to AMPA in soils from a palm oil plantation (107). Other studies do not
typically perform degradation experiments just to observe rate of degradation but to identify and isolate
bacteria that are capable of bioremediation (125). Bioremediation studies often find that indigenous
microorganism populations is incapable of degrading glyphosate at a rate which significantly affects its
concentrations hence inoculation of other species may be required (126). However, bioremediation
experiments involve soil and are yet to be applied to marine sediment where it is typically present at
mg/kg level or in the case of the Whau estuary, at µg/kg level. Glyphosate is likely a limited source of
carbon and phosphorous, and it is expected that there would be much more readily available sources of
both that bacteria can utilise. This is possible as the sediment extract of the first experiment contained a
surprising amount of TOC – approximately 140 mg/kg although the second experiment contained 80
mg/kg of TOC. Each experiment in this study, used sediment from different samples and there was much
higher error associated with the second experiment than the first, which also had notable changes in the
control samples. TOC is present in marine sediment at variable concentrations, therefore another source
is present.
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Estuaries are complex environments, they are ecosystems which have intricate links so what is observed
at a visual, tangible level is reflected on a microscopic level. As such lack of macrofaunal diversity
indicates that microbial diversity is also limited (95). The poor environmental health of the Whau estuary
could mean that there may not have been glyphosate degrading microbes present due to limited diversity.
Even so, if there is diversity, bioremediation experiments in soil show that the indigenous population of
microbes are typically poor degraders which is likely the case here. These theories of low diversity and
poor degradation ability of indigenous microbes support results from enrichment studies. However, poor
degradation of glyphosate in the Whau does not support a decrease in glyphosate and AMPA loads since
2014. Estuaries are plastic environments with great adaptability; it’s possible that the biological
component of the Whau estuary is exhibiting adaptability over time as a response to glyphosate loads
(95). Without long term monitoring, gathering ancillary variable data and more detailed enrichment
studies it is impossible to draw strong conclusions regarding the characteristics of glyphosate in estuaries.
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CHAPTER 6: Summary
6.1 Research conclusions
This research has achieved the objectives set. It describes the pathway of glyphosate from its application
to soil to its eventual fate in the marine environment. Most glyphosate applied is contained within
terrestrial environments (stormwater sediment is included in this); there is no relationship between
glyphosate content in the marine environment and what is contained terrestrially. The Whau estuary
forms a diffuse, rather than a concentrated sink of glyphosate. Glyphosate accumulation in the estuarine
environment likely happens over a long period of time; natural biodegradation rate is likely slow due to
the negative effect human activities have on the diversity and biomass of microbial population.
Stormwater sediment appears to act as storage of glyphosate; concentrations are similar to that found
soon after glyphosate application on soil. Large quantities of glyphosate were not expected in stormwater
sediment; the quantities present were attributed to spray drift or inadvertent overspray occurring, thus
glyphosate spray solution enters guttering and then catch pits from there on. It is also possible that spray
drift from other streets near Koromiko Street entered the guttering that was connected to the stormwater
network of importance for this study. Stormwater sediment did not exhibit the same decreases of
glyphosate or increases of AMPA over time. A plausible explanation for these slow degradation rates is
that the anoxic conditions of stormwater sediment may not support, or may reduce support for the
microbial communities present. As glyphosate moves through the system, degradation decreases.
Spray drift occurs despite efforts to spray during times of little or no wind. Evidence for this is presented
in the presence of AMPA outside of the typically sprayed area; the method of spraying used is not
selective enough and results in glyphosate application where it is not needed. AMPA could not be
investigated to the same extent as glyphosate; however there was one interesting revelation concerning
vegetation height. Soil AMPA concentration was lower where weed vegetation was higher which
suggested that AMPA may be biologically mobile. This finding highlights the importance of
understanding AMPA and the metabolites of other contaminants in general.
Biodegradation occurs at an observable rate in soils; glyphosate and AMPA concentrations changed in
an expected manner; after maximum concentration of glyphosate was reached, AMPA increased
indicating degradation. Biodegradation experiments also showed more activity than what was observed
in marine sediment. Glyphosate and AMPA were most concentrated in topsoil despite subsoil showing
all the characteristics (low pH, higher KF, lower base saturation) that support high sorption. Glyphosate
and AMPA were found in greatest concentrations in topsoil because that is the first soil horizon they
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make contact with. This is therefore where most degradation occurs given that biological activity is high
and total OC content is higher than subsoil.
Soil properties that govern sorption of glyphosate in the literature also apply here to a certain extent. pH
and CEC are primary factors that appear to have the greatest effect on sorption in urban soils; particle
size fractions are nearly evenly distributed and the lack of a large clay fraction rules particle size as a
contributing factor. Sampling depth must be considered when observing sorption; sorption may be greater
at depth but glyphosate sorption occurs in a greater amount in top surface soils due to its strong binding
characteristics. Constant n values for this study fit in with published ranges, however KF ranges are much
larger in published data than in the data presented here suggesting that urban soil sorption occurs within
its own unique ranges. Linear regression and the Freundlich linear model were of good fit for topsoil and
subsoil, the linear Langmuir model was of poor fit.
6.2 Limitations
This research was foremost limited by a lack of replication. Replication forms the backbone of a reliable
and accurate study and also provides power to and increases the options available for statistical analysis.
It can reduce the likelihood of large errors occurring thus making data more representative of its
environmental origins. Unfortunately a high level of replication and statistical power could not be
achieved in this study. Despite this, more information has been collected than originally anticipated; this
higher level of detail offsets the lack of replication. The data presented is novel and forms a baseline;
further studies will be able to increase replication in the areas that need it the most e.g. stormwater
sediment sampling. Furthermore, the sampling protocol was designed according to prior knowledge of
experimental design but was not tested in a pilot study. A critical analysis of the protocol will likely
improve the approach in the future and maximise the quality and quantity of the data using the smallest
amount of resources possible.
Not all experiments were able to be performed with glyphosate and AMPA in urban environments. This
has prevented this research from being as well rounded as it could have been especially in the case of
AMPA on which research is still far too limited. However, in some cases investigating current literature
to support possible theories was successful. This research is left in a place where those theories can be
rigorously tested by including more experiments, such as sorption characteristics of AMPA.
Ancillary data helps support the main data bank. Collection of ancillary variables were limited in this
study in most cases; it would have been preferable to collect data on oxygen content, organic matter
content and cation exchange capacity (amongst others) in stormwater and marine sediment to help
support theories of degradation and sorption characteristics.

72

6.3 Applications of research
This research has formed a baseline of useful information that was never previously available for the
Auckland Region. If the management of glyphosate contamination is considered necessary, controlling
spray drift and inadvertent over spraying would be the first considerations. Theories of slow degradation
rates may initiate discussions around inoculating the environment with bacteria that are capable of higher
degradation rates - however this relates back to ecosystem health, so a general improvement in ecosystem
health should be a primary consideration to help increase the diversity of microbial communities.
If more study is undertaken to investigate the relationship between stormwater discharge and glyphosate
concentration in stormwater sediment, the resulting data could be used to predict glyphosate
concentration in stormwater systems. This could prevent future need for field sampling which would
reduce cost and time efforts.
Auckland soil properties fit in well with international urban soil data. This is extremely useful to know
as it could allow further comparisons to management efforts overseas, even if they do not concern
glyphosate, the general procedures followed could help establish proven methods here. Furthermore,
sorption of glyphosate is occurring at very low concentrations (according to Kdeff) which suggests that
nearly all glyphosate will persist where it was first applied - this means management efforts can be more
tailored to the expected concentration present.
6.4 Further research
More sampling periods should be included in further studies, both short and long term. Another sampling
period between 3 days and 42 days post spray is necessary, however, extending the field experimental
time to include several spray events would be the best way to capture the true changes in glyphosate
concentration over time. This can be achieved in monitoring programmes. Sampling of the marine
environment closer to the location of the stormwater outfall should occur at the same time as soil
sampling periods. Replication should also be increased significantly and principal component analysis
of the resulting data should be completed to identify the most strongly contributing variables which will
either confirm or reject the theories discussed in this thesis. Increasing the depth horizons sampled would
not add useful information as it has been proved that glyphosate is generally immobile and there is little
risk of groundwater contamination which is the usual reason that depth sampling occurs. AMPA sorption
experiments should also be prioritized.
The slight relationship observed between stormwater discharge and glyphosate concentration in
stormwater sediment is also another aspect of further investigation; initially by conceptual modelling and
then further modelling using more accurate discharge data.
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6.5 Concluding statement
Glyphosate and AMPA presence in urban environments have been characterised – and their occurrence
was much greater than expected, without accounting for private use. As one of the only emerging
contaminants to be directly applied to land, glyphosate should be immediately prioritised in research to
understand the full extent of its occurrence and fate for not only glyphosate itself but its primary
metabolite AMPA. Full understanding of urban contamination is needed to safe guard our environment
from future human expansion and resource use.
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Růzčková P, Klánová J, Čupr P, Lammel G, Holoubek I. An Assessment of Air−Soil Exchange
of Polychlorinated Biphenyls and Organochlorine Pesticides Across Central and Southern
Europe. Environ Sci Technol. 2008 Jan;42(1):179–85.

57.

Wang X, Ren N, Qi H, Ma W, Li Y. Levels, distributions, and source identification of
organochlorine pesticides in the topsoils in Northeastern China. J Environ Sci.
2009;21(10):1386–92.

58.

Tang T, Boënne W, Desmet N, Seuntjens P, Bronders J, van Griensven A. Quantification and
characterization of glyphosate use and loss in a residential area. Sci Total Environ.
2015;517:207–14.

59.

Fu S, Cheng H-X, Liu Y-H, Xu X-B. Levels and distribution of organochlorine pesticides in
various media in a mega-city, China. Chemosphere. 2009;75(5):588–94.

60.

Li X, Wang W, Wang J, Cao X, Wang X, Liu J, et al. Contamination of soils with
organochlorine pesticides in urban parks in Beijing, China. Chemosphere. 2008;70(9):1660–8.

61.

Cheng HX, Fu S, Liu YH, Li DS, Zhou JH, Xia XJ. Organochlorine Pesticides in the Soil in
79

Linfen, China. Bull Environ Contam Toxicol. 2008 Dec 9;81(6):599–603.
62.

Mishra K, Sharma RC, Kumar S. Contamination levels and spatial distribution of organochlorine
pesticides in soils from India. Ecotoxicol Environ Saf. 2012;76:215–25.

63.

Zhang H, Bayen S, Kelly BC. Multi-residue analysis of legacy POPs and emerging organic
contaminants in Singapore’s coastal waters using gas chromatography-triple quadrupole tandem
mass spectrometry. Sci Total Environ. 2015 Apr 9;523:219–32.

64.

Degenhardt D, Cessna AJ, Raina R, Farenhorst A, Pennock DJ. Dissipation of six acid
herbicides in water and sediment of two Canadian prairie wetlands. J Environ Heal Sci PArt B.
2012;47(7):631–9.

65.

Grunewald K, Schmidt W, Unger C, Hanschmann G. Behavior of glyphosate and
aminomethylphosphonic acid (AMPA) in soils and water of reservoir Radeburg II catchment
(Saxony/Germany). J Plant Nutr Soil Sci. 2001;164(1):65–70.

66.

Kolpin DW, Thurman EM, Lee EA, Meyer MT, Furlong ET, Glassmeyer ST. Urban
contributions of glyphosate and its degradate AMPA to streams in the United States. Sci Total
Environ. 2006;354(2):191–7.

67.

Botta F, Lavison G, Couturier G, Alliot F, Moreau-Guigon E, Fauchon N, et al. Transfer of
glyphosate and its degradate AMPA to surface waters through urban sewerage systems.
Chemosphere. 2009;77(1):133–9.

68.

Desmet N, Touchant K, Seuntjens P, Tang T, Bronders J. A hybrid monitoring and modelling
approach to assess the contribution of sources of glyphosate and AMPA in large river
catchments. Sci Total Environ. 2016;573:1580–8.

69.

Lamprea K, Ruban V. Pollutant concentrations and fluxes in both stormwater and wastewater at
the outlet of two urban watersheds in Nantes (France). Urban Water J. 2011;8(4):219–31.

70.

Fletcher TD, Andrieu H, Hamel P. Understanding, management and modelling of urban
hydrology and its consequences for receiving waters: A state of the art. Adv Water Resour.
2013;51:261–79.

71.

Bogle MG V., Croucher AE, O’Sullivan MJ, Davis MD, Kinley P, Sharman B, et al. The
Integrated Catchment Study of Auckland City (New Zealand): Fate of Contaminants in Coastal
Receiving Environments. World Environ Water Resour Congr 2006. 2006;1–10.

72.

Chinen K, Lau S, Nonezyan M, Mcelroy E, Wolfe B, Suffet IH, et al. Predicting runoff induced
mass loads in urban watersheds : Linking land use and pyrethroid contamination. Water Res.
80

2016;102:607–18.
73.

Keyser W De, Gevaert V, Verdonck F, Nopens I, Baets B De, Vanrolleghem PA, et al.
Combining multimedia models with integrated urban water system models for micropollutants.
Water Sci Technol. 2010;62(7):1614–22.

74.

Bjorklund K, Malmqvist P., Stromvall A. Simulating organic pollutant flows in urban
stormwater : development and evaluation of a model for nonylphenols and phthalates. Water Sci
Technol. 2011;63(3):508–15.

75.

Junges CM, Vidal EE, Attademo AM, Mariani ML, Cardell L, Negro AC, et al. Effectiveness
evaluation of glyphosate oxidation employing the H 2 O 2 /UVC process: Toxicity assays with
Vibrio fischeri and Rhinella arenarum tadpoles. J Environ Sci Heal Part B. 2013 Feb;48(3):163–
70.

76.

Eriksson E, Baun A, Scholes L, Ledin A, Ahlman S, Revitt M, et al. Selected stormwater
priority pollutants — a European perspective. Sci Total Environ. 2007;383(1):41–51.

77.

Zgheib S, Moilleron R, Saad M, Chebbo G. Partition of pollution between dissolved and
particulate phases: What about emerging substances in urban stormwater catchments? Water
Res. 2011;45(2):913–25.

78.

Zgheib S, Moilleron R, Chebbo G. Priority pollutants in urban stormwater: Part 1 - Case of
separate storm sewers. Water Res. 2012;46(20):6683–92.

79.

Lundy L, Wade R. Integrating sciences to sustain urban ecosystem services. Prog Phys Geogr.
2011;35(5):653–69.

80.

Skeff W, Neumann C, Schulz-Bull DE. Glyphosate and AMPA in the estuaries of the Baltic Sea
method optimization and field study. Mar Pollut Bull. 2015 Nov 15;100(1):577–85.

81.

Tsui MTK, Chu LM. Environmental fate and non-target impact of glyphosate-based herbicide
(Roundup®) in a subtropical wetland. Chemosphere. 2008;71(3):439–46.

82.

Kilbride MFL, Paveglio FL. Long-Term Fate of Glyphosate Associated with Repeated Rodeo
Applications to Control Smooth Cordgrass ( Spartina alterniflora ) in Willapa Bay, Washington.
Arch Environ Contam Toxicol. 2001 Feb 1;40(2):179–83.

83.

Allinson G, Allinson M, Bui A, Zhang P, Croatto G, Wightwick A, et al. Pesticide and trace
metals in surface waters and sediments of rivers entering the Corner Inlet Marine National Park,
Victoria, Australia. Environ Sci Pollut Res. 2015;

84.

United Nations. Glossary of Environment Statistics, Studies in Methods Series F, No. 67. New
81

York; 1997.
85.

Sviridov A V, Shushkova T V, Ermakova IT, Ivanova E V, Epiktetov DO, Leontievsky AA.
Microbial Degradation of Glyphosate Herbicides (Review). Appl Biochem Microbiol.
2015;51(2):188–95.

86.

Narihiro T, Sekiguchi Y. Microbial communities in anaerobic digestion processes for waste and
wastewater treatment: a microbiological update. Curr Opin Biotechnol. 2007;18(3):273–8.

87.

Yu XM, Yu T, Yin GH, Dong QL, An M, Wang HR, et al. Glyphosate biodegradation and
potential soil bioremediation by Bacillus subtilis strain Bs-15. Genet Mol Res.
2015;14(4):14717–30.

88.

Zhao H, Tao K, Zhu J, Liu S, Gao H, Zhou X. Bioremediation potential of glyphosate-degrading
Pseudomonas spp. strains isolated from contaminated soil. J Gen Appl Microbiol.
2015;61(5):165–70.

89.

Ermakova IT, Kiseleva NI, Shushkova T, Zharikov M, Zharikov GA, Leontievsky AA.
Bioremediation of glyphosate-contaminated soils. Appl Microbiol Biotechnol. 2010;88(2):585–
94.

90.

Fitter AH, Gilligan CA, Hollingworth K, Kleczkowski A, Twyman RM, Pitchford JW.
Biodiversity and ecosystem function in soil. Funct Ecol. 2005;19(3):369–77.

91.

Lane M, Lorenz N, Saxena J, Ramsier C, Dick RP. The effect of glyphosate on soil microbial
activity, microbial community structure, and soil potassium. Pedobiologia (Jena).
2012;55(6):335–42.

92.

Lo C-C. Effect of pesticides on soil microbial community. J Environ Sci Health B.
2010;45(4):348–59.

93.

Lancaster SH, Hollister EB, Senseman SA, Gentry TJ. Effects of repeated glyphosate
applications on soil microbial community composition and the mineralization of glyphosate. Pest
Manag Sci. 2010;66(1):59–64.

94.

Widenfalk A, Bertilsson S, Sundh I, Goedkoop W. Effects of pesticides on community
composition and activity of sediment microbes - responses at various levels of microbial
community organization. Environ Pollut. 2008;152(3):576–84.

95.

Karimi B, Maron PA, Chemidlin-Prevost Boure N, Bernard N, Gilbert D, Ranjard L. Microbial
diversity and ecological networks as indicators of environmental quality. Environ Chem Lett.
2017 Jun 10;15(2):265–81.
82

96.

Sun MY, Dafforn KA, Brown M V, Johnston EL. Bacterial communities are sensitive indicators
of contaminant stress. Mar Pollut Bull. 2012;64:1029–38.

97.

Alferness PL, Iwata Y. Determination of glyphosate and (aminomethyl)phosphonic acid in soil,
plant and animal matrices, and water by capillary gas chromatography with mass-selective
detection. J Agric Food Chem. 1994;42:2751–9.

98.

Blakemore L., Searle P., Daly B. Methods for Chemical Analysis of Soils. 1987.

99.

LECO Corportation. Total/organic carbon and nitrogen in soils. 2003.

100. Claydon J. Determination of particle-size distribution in fine-grained soils - pipette method.
1989.
101. Day P. Particle fractionation and particle size analysis. In: Methods of Soil Analysis, Part 1 (Ed).
Madison, Wisconsin: American Society of Agronomy; 1965. p. 545–67.
102. OECD. Test No. 307: Aerobic and Anaerobic Transformation in Soil [Internet]. Paris: OECD
Publishing; 2002. 1-17 p.
103. Dollinger J, Dagès C, Voltz M. Glyphosate sorption to soils and sediments predicted by
pedotransfer functions. Environ Chem Lett. 2015;13(3):293–307.
104. De Kimpe C, Morel J-L. Urban Soil Management: A Growing Concern. Soil Sci.
2000;165(1):31–40.
105. Reddy KN, Rimando AM, Duke SD, Nandula VK. Aminomethylphosphonic Acid Accumulation
in Plant Species Treated with Glyphosate. J Agric Food Chem. 2008;56(6):2125–30.
106. Laitinen P, Rämö S, Siimes K. Glyphosate translocation from plants to soil - Does this constitute
a significant proportion of residues in soil? Plant Soil. 2007;300(1–2):51–60.
107. Nourouzi MM, Chuah TG, Choong TSY, Lim CJ. Glyphosate utilization as the source of carbon:
isolation and identification of new bacteria. E-Journal Chem. 2011;8(4):1582–7.
108. Kogan M, Metz A, Ortega R. Adsorption of glyphosate in Chilean soils and its relationship with
unoccupied phosphate binding sites. Pesqui Agropecuária Bras. 2003;38(4):513–9.
109. Sprankle P, Meggitt WF, Penner D. Rapid Inactivation of Glyphosate in the Soil Rapid
Inactivation of Glyphosate in the Soil. Weed Sci. 1975;23(3):224–8.
110. de Jonge H, de Jonge LW, Jacobsen OH, Yamaguchi T, Moldrup P. Glyphosate sorption in soils
of different pH and phosphorus content. Soil Sci. 2001;166(4):230–8.
111. Mamy L, Gabrielle B, Barriuso E. Measurement and modelling of glyphosate fate compared
83

with that of herbicides replaced as a result of the introduction of glyphosate-resistant oilseed
rape. Pest Manag Sci. 2008;64(3):262–75.
112. Sørensen SR, Schultz A, Jacobsen OS, Aamand J. Sorption, desorption and mineralisation of the
herbicides glyphosate and MCPA in samples from two Danish soil and subsurface profiles.
Environ Pollut. 2006;141:184–94.
113. Vereecken H. Mobility and leaching of glyphosate: A review. Pest Manag Sci.
2005;61(12):1139–51.
114. Weber JB, Wilkerson GG, Reinhardt CF. Calculating pesticide sorption coefficients (K d ) using
selected soil properties.
115. Spann KP, Hargreaves PA. The determination of glyphosate in soils with moderate to high clay
content. Pestic Sci. 1994;40(1):41–8.
116. Waterlot C, Douay F, Ene AP. Chemical Availability of Cd, Pb and Zn in Anthropogenically
Polluted Soil: Assessing the Geochemical Reactivity and Oral Bioaccessibility. Pedosphere.
2017;27(3):616–29.
117. Dehghani SA, Moore F, Vasiluk L, Beverley H. The influence of physicochemical parameters on
bioaccessibility-adjusted hazard quotients for copper, lead and zinc in different grain size
fractions of urban street dusts and soils. Environ Geochem Health. 2017;1–20.
118. Park S-J, Cheng Z, Yang H, Morris EE, Sutherland M, McSpadden Gardener BB, et al.
Differences in soil chemical properties with distance to roads and age of development in urban
areas. Urban Ecosyst. 2010;13:483–97.
119. Kargar M, Clark O., Hendershot W., Jutras P, Prasher S. Bioavailability of Sodium and Trace
Metals under Direct and Indirect Effects of Compost in Urban Soils. J Environ Qual.
2016;45(3):1003–12.
120. Robinson HK, Hasenmueller EA, Chambers LG. Soil as a reservoir for road salt retention
leading to its gradual release to groundwater. Appl Geochemistry. 2017;83:72–85.
121. Yones K, Farshad K, Sohaila E. The effect of land use change on soil and water quality in
Northern Iran. J Mt Sci. 2012;9(6):798–816.
122. Defo C, Palmer B, Yerima K, Magloire I, Noumsi K, Bemmo N. Assessment of heavy metals in
soils and groundwater in an urban watershed of Yaoundé (Cameroon-West Africa). Environ
Monit Assess. 2015;187(77):1–17.
123. Acosta JA, Faz A, Martínez-Martínez S, Arocena JM. Grass-induced changes in properties of
84

soils in urban green areas with emphasis on mobility of metals. J Soils Sediments.
2014;14(4):819–28.
124. Botta F, Lavison G, Couturier G, Alliot F, Moreau-Guigon E, Fauchon N, et al. Transfer of
glyphosate and its degradate AMPA to surface waters through urban sewerage systems.
Chemosphere. 2009;77(1):133–9.
125. Manogaran M, Shukor Y, Yasid A, Lutfi W, Johari W, Ahmad A. Isolation and characterisation
of glyphosate-degrading bacteria isolated from local soils in Malaysia. Rend Lincei. 2017;1–9.
126. Ermakova IT, Shushkova T V., Sviridov A V., Zelenkova NF, Vinokurova NG, Baskunov BP, et
al. Organophosphonates utilization by soil strains of Ochrobactrum anthropi and Achromobacter
sp. Arch Microbiol. 2017 Feb 9;1–11.

85

